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ABSTRACT 
Brine incorporation into meat products has become a well established practice in 
the United States. Brines are used to enhance the eating quality of pork by improving its 
tenderness and juiciness. Carbon dioxide and carbon monoxide have been used in 
modified atmosphere packaging as antimicrobial agents and color stabilizers, 
respectively, to increase the shelf life of retail meats. The objective of this experiment 
was to analyze the effects of incorporating carbon dioxide and carbon monoxide into 
brine solutions to subsequently inject into raw chilled pork. Pork loins were injected with 
brine solutions containing 2.27% phosphates, 3.79% salt and dissolved gas mixtures of 
20% CO2:80% N2, 80% CO2:20% CO or 100% CO2. Pork loins injected with brine 
solution containing no gas were used as a control. Chops were packaged in high O2 (20% 
CO2:80% O2) modified atmosphere packaging (MAP), vacuum, no O2 MAP (20% 
CO2:80% N2), and overwrap packaging and stored for 28 days at 4°C. Pork chops were 
evaluated every seven days after being displayed under fluorescent light (1200 ± 500 lux) 
for 48 hrs before evaluation. There were no differences (p ≤ 0.05) in color, percent cook 
loss, percent drip loss, shear force and total aerobic counts between injection treatments. 
The change in pH for chops injected with 20% CO2:80% N2 and 80% CO2:20% CO in 
brine due to the dissolution of carbon dioxide in the tissue was not enough to produce a 
large bacteriostatic effect. Chops injected with brine containing 80% CO2:20% CO had 
increased redness when compared with the other samples. Vacuum, high oxygen MAP 
and no-oxygen MAP increased the shelf life of the pork chops by lowering bacterial 
growth and maintaining the quality traits for the length of the study as compared with 
overwrap packages. 
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CHAPTER 1.  INTRODUCTION 
The United States in one of the world’s leading pork-producing countries and is 
second to only Canada as the largest exporter, tied with Denmark (NPPC, 2005). Even 
though pork is not consumed in certain regions or by certain populations, it is ranked first 
in per capita meat consumption in the world and third in the United States (Davis & Lin, 
2005). In 2004, pork accounted for approximately 43 percent of boneless red meat (beef, 
pork, lamb, and veal) consumed in the United States (NPPC, 2005).  Americans’ 
consumption of pork helps fulfill the daily recommended amount of 46g and 56g of 
protein for women and men, respectively (Davis & Lin, 2005).  
Tenderness and juiciness are considered to be the most important quality 
attributes of fresh meat and meat products by the consumers (Xiong, 2005). Consumers 
of fresh pork have traditionally over-cooked pork because of concerns about the potential 
health risks of Trichina spiralis, therefore producing a tough and dry product (Rust, 
1998).  The importance of tenderness and juiciness, together with the increasing 
consumer demand for convenience food items, have promoted the red meat and poultry 
industries to methodically incorporate water to modify fresh retail cuts as well as further 
processed products.  A typical piece of enhanced meat would contain as much as 12% 
brine of water, salt, phosphates, and sometimes other functional or flavor ingredients 
added through injection or marination to increase meat moistness and juiciness (Davies et 
al., 2004; Robbins et al., 2002). 
The addition of marinade solutions to enhance the eating quality of pork and other 
meat products is now a well-established practice in the UK, the USA and other countries 
(Bjerklie, 1998; Rust, 1998).  The 2004 National Meat Case Composite Study showed 
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that some 23 percent of chicken, 45 percent of pork and 16 percent of beef in the retail 
meat case is classified as enhanced.  The enhancement of the product simply refers to the 
addition of non-meat ingredients to fresh meat for the purpose of improving its quality, 
appearance and shelf life (Brooks, 2005). A majority of the marinades have water, salt 
and phosphates as the main ingredients (Brooks, 2005).  Enhancement not only improves 
juiciness and tenderness, but also increases the weight of saleable product due to the 
retention of added water (Sheard & Tali, 2004).  A common practice is to use salt and 
phosphates in combination to exploit their synergistic effect of stabilizing color; 
improving water-holding capacity; and increasing meat particle binding, cooking yields 
and sensory characteristics (Detienne & Wicker, 1999; Jensen et al., 2003; Murphy & 
Zerby, 2004; Prestat, Jensen, McKeith, & Brewer, 2002; Robbins, Jensen, Homco-Ryan, 
McKeith, & Brewer, 2003a, 2003b; Vote et al., 2000).  However, concentrations must be 
sufficient to improve tenderness and juiciness without adversely affecting flavor and 
color or causing over-tenderization (Sheard & Tali, 2004).  Therefore, salt generally is 
used at levels of 0.25 to 0.50 percent in the final product, while phosphate levels typically 
represent 0.25 to 0.45 percent of final product weight (Brooks, 2005).  According to 
USDA regulations, phosphate levels may not exceed 0.50 percent in the final product (9 
CFR 424.21). 
Consumer retail purchases of raw chilled meat are critically influenced by color  
(Huang, Ho & McMillin, 2005) more than any other quality factor because consumers 
use discoloration as an indicator of freshness and wholesomeness (Mancini & Hunt, 
2005).  Pork retail shelf life is largely limited by a change in color that usually occurs 
before microbial spoilage (Viana, Gomide, & Vanetti, 2005).  
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Modified atmosphere packaging (MAP) is widely used to maximize meat shelf 
life and maintain its attractive fresh appearance (Gill, 1996; Jayasingh, Cornforth, 
Carpenter, & Whittier, 2001; Lambert, Smith, & Doods, 1991; Luño, Roncalés, Djenane, 
& Beltrán, 2000; Mano, Pereda, & Fernando, 2002). Different gases or vacuum may be 
used in MAP. Carbon dioxide will inhibit growth of a wide range of microorganisms 
(Church & Parsons, 1995; Farber, 1991; Jeremiah, 2001; Zhao, Wells, & McMillin, 1994; 
Sørheim, Nissen, & Nesbakken, 1999) and is highly soluble in water, meat and fat tissue 
(Gill, 1988; Jakobsen & Bertelsen, 2006). Oxygen causes formation of oxymyoglobin red 
pigment. Carbon monoxide in MAP will improve color and other meat quality traits 
(Clark, Lents, & Roth, 1976; Gee & Brown, 1978; Jayasingh et al., 2001; Luño et al., 
1998; Luño et al., 2000; Sørheim et al., 1999, 2001). Nitrogen is used as inert gas to 
prevent MAP package collapse. 
Enhancement of fresh pork provides opportunities to improve the overall quality 
of fresh pork and to reduce the amount of variation in pork quality (Miller, 1998). The 
objective of this study was to evaluate carbon dioxide as an antimicrobiological agent and 
carbon monoxide as a color stabilizer when dissolved in a marinade solution of water, 
salt and phosphates for injection into fresh pork meat. The influences of different 
packaging high O2 MAP, vacuum, no O2 MAP, and overwrap packaging on 
characteristics of the injected pork during four weeks of refrigerated storage were 
determined.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Properties of Fresh Meat 
The properties of fresh meat dictate its usefulness to the merchandiser, its appeal 
to the purchaser or consumer, and its adaptability for further processing. Of particular 
importance are water-holding capacity, color, structure, firmness, and texture (Aberle et 
al., 2001). 
Water-holding capacity (WHC) is the ability of meat to retain naturally occurring 
or added water during application of external forces such as cutting, heating, grinding, or 
pressing (Aberle et al., 2001). Many of the physical properties of meat, including color, 
texture and firmness of raw meat, and the juiciness and tenderness of cooked meat are 
partially dependent on water-holding capacity (Aberle et al., 2001). Fresh meat at 
slaughter contains approximately 75% water (Offer & Trinick, 1983). However, the 
percentage of water originally present in meat may be subject to variation, due to the 
gains that occur during processing, or to losses through drip, evaporation or cooking 
(Offer & Trinick, 1983).  Water holding capacity of muscle tissue has a direct effect on 
shrinkage of meat during storage. Poor water-holding properties result in loss of moisture 
and consequently loss of weight during storage (shrink) (Aberle et al., 2001). 
Water gains or losses have economic importance since meat is sold by weight and 
affect consumer satisfaction because cooking losses reduce the size of meat that can be 
served, the juiciness and tenderness of meat and meat products are dependent on their 
water content, and excess drip produces an unattractive appearance in packages (Offer & 
Trinick, 1983). 
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Water in muscle can be bound, immobilized or free due to the ability to 
electrically associate to charged reactive groups of muscle proteins (Aberle et al., 2001). 
The associated water or bound water molecules make up 4 to 5 percent of the total water 
in the muscle and is tightly bound even during the application of severe mechanical or 
other physical force (Aberle et al., 2001). Immobilized water molecules are attracted to 
the bound molecules, however, this attraction weakens as the distance from the reactive 
group on the protein becomes greater so the quantity of immobilized water depend on the 
amount of physical force exerted on the muscle (Aberle et al., 2001). Free water is 
generally held only by weak surface forces (Aberle et al., 2001). 
The overall reduction of reactive groups on proteins available for water binding 
takes place in the postmortem period (Aberle et al., 2001). Normally, the pH of muscle 
drops from 7.2 (physiological) to between 5.5 and 5.8 during the immediate 24-h post-
slaughter period (Brewer et al., 2001). This drop in pH is caused by the formation of 
lactic acid producing denaturation and loss of solubility of proteins. In addition, the 
reduction of reactive groups on proteins occurs because the pH approaches the isoelectric 
point of myofibrillar proteins, which is the pH at which the numbers of positively and 
negatively charged groups are equal. The oppositely charged groups tend to be attracted 
to each other, which limits the availability for water to bind (Aberle et al., 2001).   
Any specific color has the three quantitatively definable dimensions of hue, 
chroma, and value. Hue is the name of the color and is that quality by which color 
families (red, green, blue, etc) are distinguished. It is the result of differences in length of 
wave impulses on the retina producing the sensation of color (Hunt et al., 1991). Chroma 
(purity or saturation) is the strength of a color and is that quality that distinguishes strong 
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and weak colors, also known as the color intensity or the degree of color saturation (Hunt 
et al., 1991). The value is the lightness of color and is the quality by which lighter and 
darker colors are seen (Hunt et al., 1991). 
Meat color is mainly determined by the incident light reflectance (Hunt et al., 
1991), which is dependent upon the concentration and chemical state of myoglobin 
pigments and the physical structure of meat (Seideman et al., 1984). The first 30-60 
minutes immediately after muscle tissue is exposed to air are critical to myoglobin 
oxygenation and “bloom” of muscle color from the typical color of reduced myoglobin 
(purple) to that typical of oxymyoglobin (red) (Brewer et al., 2001). 
Myoglobin is the principal protein responsible for meat color, although other 
heme proteins such as hemoglobin and cytochrome C may also play a role in beef, lamb, 
pork, and poultry color (Mancini & Hunt, 2005). Myoglobin is a water-soluble protein 
containing 8 α-helices (A-H) linked by short nonhelical sections (Mancini & Hunt, 2005). 
Myoglobin consists of a globular protein portion (globin) and a nonprotein portion called 
a heme ring that contains an iron molecule, whose oxidation state is partially responsible 
for the color of meat (Aberle et al., 2001).  In addition, the binding of oxygen to 
myoglobin is also responsible for muscle color. Therefore, four major chemical forms of 
myoglobin are primarily responsible for meat color (Mancini & Hunt, 2005). 
Deoxymyoglobin occurs when no oxygen is present and the heme iron is ferrous 
(Fe2+). This result in a purplish-red or purplish-pink color typically associated with 
vacuum package product and muscle immediately after cutting (Mancini & Hunt, 2005).  
Oxygenation occurs when myoglobin is exposed to oxygen and is characterized 
by the development of a bright cherry-red color (oxymyoglobin). No change in iron 
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valence occurs during oxygenation. As exposure to oxygen increases, the oxymyoglobin 
penetrates deeper beneath the meat’s surface (Mancini & Hunt, 2005).  The depth to 
which the oxygen diffuses is affected by the external oxygen pressure and by the 
activities of oxygen-utilizing enzymes, which compete with deoxymyoglobin for oxygen 
when meat is blooming (Zhu, Bidner & Brewer, 2001). High tissue consumption of 
oxygen is linked to poor oxygen penetration (Feldhusen et al., 1995). Thus, blooming 
would be expected to be more efficient under conditions such as low temperature and low 
pH that increase oxygen solubility and discourage enzymatic activity (Ledward, 1992). 
Metmyoglobin (brown color) formation is associated with discoloration or color 
fading due to oxidation of both ferrous myoglobin derivatives to ferric iron (Livingston & 
Brown, 1982; Wallace et al., 1982).  Metmyoglobin formation depends on numerous 
factors including oxygen partial pressure, temperature, pH, meat reducing activity, and in 
some cases, microbial growth (Mancini & Hunt, 2005). 
Carboxymyoglobin, in the presence of carbon monoxide, forms a very bright-red 
color that is relatively stable. However, exactly which myoglobin derivatives can form 
caboxymyoglobin is unclear (Mancini & Hunt, 2005). 
 Structure, firmness and texture are meat properties that are generally evaluated 
by consumers with visual, tactile, and gustatory senses. Many factors within muscles, 
such as rigor state and associated water-holding properties, intramuscular fat content, 
connective tissue content, and bundle size contribute to these physical properties (Aberle 
et al., 2001). The texture of meat can be defined as the composite of the structural 
elements of meat (Tornberg, 1996). As the meats are consumed in the cooked state, the 
texture of cooked meat is interpreted as tenderization (Gökalp et al., 1993). The 
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tenderization of meat occurs in two steps; a rapid phase that is mainly due to the 
structural weakening of myofibrils and a slow phase caused by the structural weakening 
of the intramuscular connective tissue (endomysium and perimysium) (Takahashi, 1996). 
2.2 Enhanced Pork 
Consumer surveys rank tenderness and juiciness as the top sensory attributes 
(Rust, 1998). However, a lot of the fresh pork today is often overcooked at the 
preparation stage, therefore producing a tough and dry product (Rust, 1998). The addition 
of an injection solution into pork enhances the eating characteristics of the final product 
(Miller, 1998).   
Non-meat ingredients generally modify the properties of fresh meat by, in most of 
the cases, improving juiciness and/or tenderness, enhancing flavor, improving and 
stabilizing color, increasing shelf life, improving safety, or increasing water-holding 
capacity in the final product (Miller, 1998). Therefore, the enhancement of fresh pork is 
the process of adding non-meat ingredients to fresh pork to improve the eating quality of 
the final product (Meisinger, 2002). 
A meat injector utilizes needles to puncture into the meat and then a pressurized 
liquid solution is added. The level of addition of the added ingredients is controlled either 
through the speed of passage of the meat through the injector or by altering the pressure 
used during injection. Needle size and number, are important factors to consider, since by 
increasing the number of needles and using smaller needles, injectors can deliver a more 
uniformly distributed injection solution into the final product. Uniformity of injection is a 
critical factor when injecting fresh pork products that would not be tumbled. Lack of 
uniformity in injection usually produces two-toned meat product. The injection of 
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solutions with higher pH values than mea increases the final pH of the injected pork. An 
increase in pH will cause a darker color in the lean. If larger and fewer needles are used 
to inject the product, the final product may appear two-toned. The pattern of the color 
variation in the lean follows the path of the needles (Miller, 1998). 
Miller (1998) summarized the results of a series of studies conducted at the 
University of Illinois (Brewer et al., 1999, 2002, Brasher et al., 2002;  Jensen et al., 2003) 
that compared quality traits of enhanced to non-enhanced pork. The studies showed that 
pork loin chops containing a 10% injection level and then grilled or fried to internal 
cooked temperatures of 70 or 80°C had more pork flavor, were juicier, more tender, and 
had less off-flavors than chops from unpumped loins. In addition, when comparing 
pumped to unpumped pork loin chops, pumped loin chops had similar juiciness ratings 
regardless of the cooking temperature end point whereas unpumped pork loin chops were 
drier as the cooking temperature end point increased. They also reported that pumped 
pork loin chops were lighter, redder, less yellow and had lower Warner-Bratzler shear 
force values.  They also examined the effect of pump level (0, 6, 12 and 18%) when used 
in pork loins that varied in pH. The results showed that as pump level increased, pump 
retention, package purge, retail purge, cook loss, salty flavors, and juiciness increased. 
However, pumping at any level increased tenderness and juiciness. In addition, they 
showed that as meat pH increase, pump retention increased and package purge, retail 
purge and cook loss decreased in chops cooked to 80°C. These studies show that 
enhancement or injection of non-meat ingredients adds functionality to pork products and 
that improvement in eating characteristics and color are found.   
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2.2.1 Non-Meat Ingredients 
The United States Department of Agriculture (USDA) Food Safety and Inspection 
Service (FSIS) regulates the addition of injection solutions in meat. Based on the level or 
percentage of addition to the product, the FSIS requires that for meat containing levels 
less than, up to and including 10% total added ingredients, the label should contain 
phrases like “deep blasted” or “marinated”; however, for greater than 10%, the label must 
carry the words “containing up to (the actual added level) % of a solution”. In addition, 
following the definition of the total level of injection, the label should contain a list of the 
ingredients added in descending order of predominance.  
Water is typically used as a carrier for non-meat ingredients as most of them are 
water-soluble or can be suspended in water with agitation for subsequent addition to meat 
(Miller, 1998). In order to retain as much added water as possible upon cooking, proper 
water-binding compounds must be effectively blended into the solution to make an 
injectable brine (Xiong, 2005).Thus, sodium phosphates, salt, and varying flavouring 
agents are generally used for their functionality properties to improve the quality of 
enhanced pork (Miller, 1998). 
2.2.1.1 Phosphates 
Sodium phosphates (SP) are generally used to enhance water-holding capacity 
(Miller, 1998). There are different forms of SP that can be added to most products; 
however, sodium tripolyphosphate (STP) is the predominant phosphate in phosphates 
blends that are used in meat systems (Miller, 1998).  Sodium tripolyphosphate has an 
alkaline pH and even though meat is a very good buffer, the addition of phosphates 
increases its pH. By increasing the pH, water holding capacity improves by moving the 
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meat pH further from the meat’s protein isoelectric point. As the pH moves further from 
the isoelectric point (approximately 5.2 to 5.3 in red meat), water-holding capacity 
increases due to an increase in the amount of negative charges on the proteins that can 
bind water. Therefore, the net result is an increase in the amount of water that can be 
bound to the meat proteins to improve yield, juiciness, and texture (Miller, 1998; 
Detienne, & Wicker, 1999; Önenç, Serdaroğlu, & Abdraimov, 2004).   
As the pH of meat increases with the addition of STP, meat becomes darker in 
color due to the increase in bound water, leaving less free water to reflect light (Miller, 
1998). In addition, the increase in pH creates a more desirable environment for microbial 
growth (Jeremiah & Gibson, 2001). 
With increased water holding capacity (WHC), meat with added STP has been 
shown to be juicier, have improved tenderness and a change in flavor. Sutton et al. (1997) 
showed that when SP levels increased from 0 to 0.2 to 0.4% in the final product, pork 
roasts were juicier and had incrementally higher percentage of moisture, but the addition 
of 0.4% SP resulted in lower flavor intensity scores and higher levels of salt intensity 
when compared with pork roast that did not contain SP. The lower flavor intensity may 
be due to an increased dilution effect due to higher amounts of water in the final product.  
In addition, the addition of SP alone is commonly associated with increasing off-flavors 
such as soapy and sour. 
2.2.1.2 Salt (Sodium Chloride) 
It has been an ancient practice to incorporate salt into meat to increase shelf-life 
and enhance flavor.  Sodium chloride is also used to improve water holding capacity by 
lowering the isoelectric point of meat proteins without changing the meat pH, resulting in 
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subsequent improvements in purge loss and cook yields (Miller, 1998).  Meat proteins 
can swell to twice their size in salt concentrations. Sodium chloride addition contributes 
to the swelling of the proteins and similarly, the chloride ion has been shown to bind to 
the meat protein filaments and increase the electrostatic repulsive force between them. 
This increase in the repulsive forces produces the unfolding of the protein structure 
matrix and swelling occurs. The swelling provides a higher number of protein side chains 
that can bind water, therefore increasing the water holding capacity (Miller, 1998). 
Sodium chloride is often added in combination with SP to maximize water-
holding capacity; however, it is important to add them in a balanced way to avoid getting 
too high of a salt flavor or altering the texture (Miller, 1998).   
2.2.1.3 Flavor Agents 
Flavor agents are added to pork to provide alternate flavor choices for consumers 
by incorporating fresh ingredients, dehydrated ingredients, ground spices, spice 
extractives or oleoresins into the final product (Miller, 1998).  In addition, flavor agents 
can also be used to mask undesirable flavors produced from other ingredients. 
While being acceptable for the consumer, the addition of whole spices can 
decrease the shelf-life either through addition of microorganisms contained within the 
spice or ingredient or by the inherent oxidation potential contained within the ingredient 
(Miller, 1998).  Many spices are treated either by irradiation or by chemical 
decontamination methods to reduce the microbial population in the spice so that their 
addition does not affect shelf-life. The oxidation potential of fresh ingredients can only be 
prevented by processing the ingredients to disenable the oxidation potential. On the other 
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hand, some spices and ingredients (rosemary, garlic, onions) have antioxidant properties 
that improve flavor stability during storage (Miller, 1998). 
2.3. Packaging 
Packaging plays an important role in providing desired characteristics of meat to 
consumers. Initial purchase decision is based on the appearance of the product (Cassens 
et al., 1995). According to the Guidelines for Meat Color Evaluation (1991), the color of 
uncooked meat and meat products is usually described as pink or red, but it ranges from 
nearly white to dark red. Discolorations of these products often involve tan, brown, gray, 
green, or yellow (Hunt et al., 1991). 
The use of packaging in the meat industry provide containment of the meat or raw 
materials, protection against physical and chemical changes, protection against 
contamination by either microbial, physical or chemical agents, provision of attractive 
appearance for sale, convenience and use.  Packaging is therefore essential for 
maintaining the product’s quality and identity (Aberle et al., 2001). In addition, packages 
must also provide product visibility and label information (Aberle et al., 2001). 
Meat intended for retail sale can either be wrapped in vapour-tight, oxygen 
permeable films or packaged in gas-tight films with a modified atmosphere (Sørheim, 
Aune, & Nesbakken, 1997). The packaging for raw refrigerated meat at retail has 
remained relatively unchanged from the air-permeable, moisture impermeable shrinkable 
films that were initially developed for display of meat in self-service refrigerated cases 
(Cole, 1986; Taylor, 1985; McMillin at el., 1999). A recent study reported a decline in 
the occurrence of the traditional Styrofoam tray with polyvinyl chloride wrap packaging 
from 51% in 2002 to 47% in 2004, and an increase of 4% and 3% in modified 
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atmosphere packaging and vacuum packaging respectively over the same period of time 
(Mize & Kelly, 2004). 
These changes can be explained by an increase in the amount of case-ready 
packages. Case-ready or centralized packaging may be defined as the fabrication and 
packaging of consumer-sized retail items in a central location and display in retail stores 
with minimal or no package manipulation after removal from the shipping carton 
(McMillin, 1994).  In 2004, 60% of the packages audited were case ready, which had 
increased from 49% in 2002 (Mize & Kelly, 2004). Therefore, this evolution of the fresh 
retail meat case is largely being driven by the need for conversion to centrally packaged 
meats (an economic influencer) and the need for increased convenience to the consumer 
(Eilert, 2005).  
2.3.1 Tray and Overwrap 
Self-service stores sell fresh meat packaged in rigid plastic or foam trays with a 
film such as polyvinyl chloride as an overwrap. Trays provide strength to the package, 
and the overwrap regulates the gaseous environment in the package.  Overwrap films 
should be strong, have good stretch and heat-sealing properties, and retain the seal under 
normal storage and handling conditions. In addition, overwraps are designed to provide 
an abundant amount of oxygen (high oxygen transmission rate) at meat surfaces to form 
oxymyoglobin, the bright red pigment. However, high oxygen transmission rate through 
materials facilitates the growth of psychrophilic aerobic bacteria and shortens the color 
shelf life. These organisms compete for available oxygen and thereby shorten the time 
that oxymyoglobin persists (Aberle et al., 2001).  
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With good sanitation, bright color in retail meat packages may be maintained five 
to seven days, but such meat should not remain in display cases longer than three days. 
Jensen et al. 2003, found that after 72 hrs of retail display, pork chops enhanced with STP 
and salt and packaged in polyvinyl chloride as an overwrap, reached spoilage (106 
CFU/cm2) levels of bacteria.  Another disadvantage of high oxygen permeability films is 
the acceleration of oxidative rancidity. Consequently, overwrapped retail meat is not 
suitable for frozen storage (Aberle et al., 2001). 
2.3.2 Modified Atmosphere Packaging  
Chilling slows the deterioration of stored foods, but if the atmosphere surrounding 
the product is also modified to reduce oxygen concentration, the shelf –life increases 
significantly due to further reduction in the rate of chemical oxidation by oxygen and in 
the reduced growth of aerobic microorganisms (Parry, 1993). This decrease in oxygen 
concentration around the food is achieved by using a barrier film or by modifying the 
gaseous environment surrounding the meat (Rao & Sachindra, 2002). These techniques 
are known as modified atmosphere packaging (MAP) and include vacuum packaging, 
controlled atmosphere packaging and “true” modified atmosphere packaging (Philips, 
1996).  
Modified atmosphere packaging may be defined as “the packaging of a perishable 
product in an atmosphere which has been modified so that its composition is other than 
that of air” (Wolfe, 1980). Vacuum packaging (VP) is defined as “the packaging of a 
product in a high barrier package from which air is removed to prevent growth of aerobic 
spoilage organisms, shrinkage, oxidation, and color deterioration” (Rao & Sachindra, 
2002). Vacuum packaging, as noted earlier, could also be considered as a type of MAP 
 16
because of the modification of the atmosphere produced by the removal of air from the 
environment (Rao & Sachindra, 2002); however, when referring (in this document) to 
MAP, it would imply the introduction of gas mixtures as a modified atmosphere, and VP 
as the evacuation of air from the packaging environment.  
Gases used in the replacement of air surrounding the food in the package most 
commercially used are oxygen, nitrogen and carbon dioxide, although trace gases such as 
carbon monoxide, nitrous oxide, and sulfur dioxide are also used in MAP of foods (Parry, 
1993). These gases can be applied individually or in combination in order to obtain the 
cumulative effect of these gases, which have different purposes in food preservation (Rao 
& Sachindra, 2002). 
2.3.2.1 Oxygen 
 Oxygen plays an important role in determining the shelf-life of meat products. 
This gas is essential for metabolic reactions of aerobic spoilage organisms and it is used 
in enzyme-catalyzed reactions in foods, including the oxygenation of myoglobin in meat 
and the oxidation of fat (Rao & Sachindra, 2002). The oxygenation of myoglobin gives 
meat its characteristic ‘fresh’ bright red color expected by the consumer (Phillips, 1996), 
therefore, oxygen is used in fresh-meat packaging to maintain the red color (Rao & 
Sachindra, 2002). Oxygen affects the growth of bacteria by stimulating aerobic bacteria 
and inhibiting anaerobic pathogenic bacteria and toxin production (Phillips, 1996; Rao & 
Sachindra, 2002). In addition, high concentrations of oxygen can reduce the shelf-life of 
meat due to oxidative rancidity in products with a high fat content, such as fatty fish or 
‘streaky’ unsmoked bacon (Phillips, 1996).  On the other hand, a low level of oxygen less 
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than 0.5% may favor rapid metmyoglobin formation causing browning of meat and meat 
products (Church, 1993). 
2.3.2.2 Nitrogen 
 Nitrogen is an inert gas with low solubility in both water and fat and has been 
used as a packaging filler for many years to prevent pack collapse. In MAP products, 
especially fresh meat packaged in high concentrations of carbon dioxide, pack collapse 
occurs because of the solubility of carbon dioxide in the meat tissue. Nitrogen has no 
antibacterial properties and does not affect meat color (Phillips, 1996; Rao & Sachindra, 
2002).  
2.3.2.3 Carbon Dioxide 
Carbon dioxide (CO2) has been used as an active gas in modified atmosphere 
packaging to extend the shelf life of perishable foods (Clark & Lentz, 1972; Hintlian & 
Hotchkiss, 1986; Ooraikul & Stiles, 1991) mainly due to its bacteriostatic action and 
inhibitory effects on growth and metabolism of some microorganisms (Jones and 
Greenfield, 1982; Daniels et al., 1985, Dixon and Kell, 1989; Hong and Pyun, 1997). 
Carbon dioxide generally inhibits gram-negative psychrotrophic bacteria, while gram-
positive bacteria and spores are generally more resistant (Dixon & Kell, 1989; Hendricks 
& Hotchkiss, 1997).   
The inhibitory effect of CO2 is an extension of the lag phase of growth and a 
decrease in growth rate or generation time during the logarithmic phase of growth of the 
organisms (Farber, 1991; Phillips, 1996). The effectiveness of carbon dioxide on 
microorganisms in a culture medium or food system is dependent on many factors. These 
include the partial pressure of CO2, CO2 concentration, volume of headspace gas, 
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temperature, acidity, water activity, the type of microorganism, the microbial growth 
phase, and the growth medium used (Farber, 1991; Phillips, 1996). Microbial growth is 
reduced at high concentrations of carbon dioxide in a variety of products and this effect 
increases as storage temperature decreases (Reddy et al., 1992) because the solubility of 
CO2 decreases dramatically with increasing temperature (Daniels, Krishnamurth, & 
Rizvi, 1985).  
Although an exact mechanism for the antimicrobial effects of CO2 is not clear, 
some theories (Daniels, Krishnamurth, & Rizvi, 1985; Dixon & Kell, 1989; Farber, 1991) 
have attributed these unique effects to the following characteristics of CO2: (1) rapid 
penetration into microbial cells, which may increase membrane permeability and 
facilitate its chemical effects on metabolic processes; (2) acidification of cytoplasm of 
cells, which may inhibit essential metabolic activities; and (3) metabolic interference with 
certain enzyme systems.  
CO2 is also a preferred fluid in food applications since it is non-toxic, non-
flammable, inexpensive, and environmentally and physiologically safe (Hong, Park, & 
Pyun, 1999).  When CO2 is introduced into the package, it is partly dissolved in the 
water-phase and the fat-phase of the food (Devlieghere, Debere, & Van Impe, 1998).  
Water is required for the hydration of CO2 to form carbonic acid, which produces 
pH changes in suspending media (Hong & Pyun, 1999; Hong, Park, & Pyun, 1999). The 
changes in pH contribute to an increase in cell permeability, easing the cellular 
penetration of CO2 (Hong, Park, & Pyun, 1999). A lower pH inhibits microbial growth 
and diminishes microbial resistance to inactivation (Daniels, Krishnamurth, & Rizvi, 
1985; Dixon & Kell, 1989; Hong & Pyun, 1997).   
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The decrease in pH is given by the behavior of carbon dioxide in solution. 
Henry’s law states that at a constant temperature, the amount of a given gas dissolved in a 
given type and volume of liquid is directly proportional to the partial pressure of that gas 
in equilibrium with that liquid. The solution of gaseous carbon dioxide into an aqueous 
mixture obeys Henry’s law at moderate temperatures and low pressure and can be 
represented by the following series of reactions (Daniels, Krishnamurth, & Rizvi, 1985): 
(1) CO2 (dissolved) + H2O → H2CO3 
 Khyd (298°K, 1 atm) = [H2CO3]/ [CO2] = 2.6x10-3 
(2) H2CO3 → HCO3- + H+ 
 K’a (298°K, 1 atm) = [H+] [HCO3-]/ [H2CO3] = 4.3x10-7 
(3) HCO3- → CO3- + H+ 
 K’’a (298°K, 1 atm) = [H+] [CO3-]/ [H2CO3] = 5.61x10-11 
 The hydration of carbon dioxide to form carbonic acid proceeds very slowly, the 
K’a value for step (2) shows that the dissociation of the acid to form bicarbonate ion 
(HCO3-), and hydrogen ion (H+) occurs very quickly, indication that carbonic acid is a 
moderately strong acid. The second dissociation, which produced additional hydrogen 
ions, and carbonate ions (CO3-) occurs to any great extent as evidenced by the K’’a value 
of 5.61 x 10-11. The overall dissociation of carbonic acid to the various ionic species is 
dependent of the hydrogen ion concentration of the solution (Daniels, Krishnamurth, & 
Rizvi, 1985). In addition, it can be noted that below pH 5, carbon dioxide in solution 
exists primarily as dissolved carbon dioxide gas and carbonic acid; between pH 8 and 9.5 
the carbonic acid dissociates (2) to form the bicarbonate and hydrogen ion species; while 
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above pH 11.5 the second dissociation (3) is a factor resulting in the presence of 
hydrogen ions and carbonate ions (Daniels, Krishnamurth, & Rizvi, 1985). 
In addition, dissolved CO2 directly added into fluid milk reduced the microbial 
growth of Pseudomonas fluorescences, Bacillus cereus, Bacillus licheniformis, Listeria 
monocytogenes, Escherichia coli and Enterococcus faecalis (Martin, Werner, & 
Hotchkiss, 2003).  
2.3.2.4 Carbon Monoxide 
Carbon monoxide (CO) is a colorless, odorless and tasteless gas. It is produced 
mainly through incomplete combustion of carbon-containing materials (Sørheim, Aune, 
& Nesbakken, 1997). CO binds to the iron atom of hemoglobin in red blood cells, 
forming carboxyhemoglobin (COHb), therefore interfering with oxygen transport, and 
reducing its delivery to various tissues. CO also binds to myoglobin, cytochromes and 
some enzymes, but these reactions are of less importance than the formation of COHb 
(Sørheim, Aune, & Nesbakken, 1997). In humans, health effects are mainly manifested in 
the cardiovascular system, the nervous system and in the fetus (Sørheim, Aune, & 
Nesbakken, 1997). At a COHb concentration of ~2.5%, patients suffering from 
cardiovascular diseases display changes in cardiac function and report chest pain. In 
healthy adults, no adverse health effects were described at CO concentrations that result 
in <5% COHb , therefore, to protect most vulnerable individuals, exposure to CO that 
results in a COHb level greater than ~ 2% should be avoided ((Sørheim, Aune, & 
Nesbakken, 1997).  
During the past 10 years, the Norwegian meat industry has been using a gas 
mixture of 60-70% CO2, 30-40% N2, and 0.3-0.4% CO for the packaging of fresh retail 
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meat, namely beef, pork and lamb (Sørheim, Aune, & Nesbakken, 1997), since 
myoglobin has a high affinity for CO, which forms a bright cherry-red color (Hunt et al., 
2004). Therefore, CO has been used in modified atmosphere packaging in an attempt to 
maintain an attractive and stable red color of meat throughout retail life (Brewer et al., 
1994; Jayasingh et al., 2001; Luño, Beltrán, & Roncalés, 1998; Luño, Roncalés, Djenane, 
& Beltrán, 2000; Sørheim, Aune, & Nesbakken, 1997; Sørheim, Nissen, &Nesbakken, 
1999; Sørheim, Nissen, Aune, & Nesbakken, 2001).  
Viana et al. (2005) reported the benefits of brief CO exposure before storage of 
pork loins in vacuum. In addition, Luño et al. (2000) reported improved color stability of 
beef during storage and display of packages containing 0.1% to 1% CO and varying 
levels of O2, CO2, and N2.  Clark et al. (1976) reported a stable, red color for more than 
30 days for beef packaged in modified atmosphere (MAP) containing 0.5% to 1.0% CO, 
whereas control samples packaged in air discolored after 5 days of storage. 
The Food and Drug Administration (FDA) announced that carbon monoxide is 
generally recognized as safe (GRAS) for use as a component of a gas mixture in a MAP 
system at a level of 0.4% accompanied by 30% oxygen and 69.6 % nitrogen. However, 
case-ready meats are required to be removed from this MAP system prior to retail display 
(FDA 2002). Further GRAS approval was registered in the United States in 2004 (US 
FDA, 2004) for the addition of CO to primary packaging systems, in which the MAP 
mixture is flushed directly into the meat-containing tray; however, this development has 
been highly controversial.  
Kalsec, Inc. among others, submitted a petition to the FDA requesting that FDA 
take immediate action to enforce a ban on carbon monoxide in fresh meat packaging, and 
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specially, to terminate the agency’s unlawful acceptance of the GRAS notifications 
submitted by Pactiv Corp. and Precept Food, Inc (GRAS Notice Nos. GRN 000083 and 
000143). 
This petition to ban carbon monoxide from fresh meat packaging is based on the 
theory that carbon monoxide produces an artificially intense, persistent red color in meat 
than can simulate the look of fresh meat and mask the natural signs of aging and spoilage 
that consumers depend upon in making safe food choices, including browning and tell-
tale odors. As a result, carbon monoxide may be determined to cause serious consumer 
deception and food safety risks, which jeopardize the public health. 
As stated earlier, modified atmosphere packaging uses a combination of specific 
gases, which can enhance color and shelf life of retail pork products (Jeremiah, 2001). 
Most aerobic bacteria are inhibited by CO2 concentrations of 10% or higher, while 
obligate anaerobic bacteria are inhibited by the presence of even small amounts of 
oxygen (Ray, 2001).  Therefore, high oxygen (80%), low carbon dioxide (20%) mixture 
is commonly used in today’s case ready products (Livingston et al., 2004). The high 
oxygen concentration allows for formation of oxymyoglobin creating the more desirable 
pink/red color of fresh pork while carbon dioxide suppresses spoilage microorganisms 
((Livingston et al., 2004). Even though modified atmosphere packaged loin chops have a 
retail display life of 14 days, the shelf life variation among individual packages is 
significant (Livingston et al., 2004). Different approaches to shelf life extension including 
enhancement with antimicrobial agents, solutions have been evaluated in an effort to 
create a more desirable, longer lasting product (Jensen et al., 2003a), therefore the 
enhancement of fresh pork with a solution containing antimicrobial agents and packaged 
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under a modified atomosphere of 20% CO2:80% O2 has been proven to reduce microbial 
growth and sustain color of high pH pork chops (Livingston et al., 2004). 
2.3.3 Pork in Vacuum and Modified Atmosphere Packaging 
 Common practices for the distribution of pork to retail markets involves 
transportation of vacuum packaged primal cuts to the retailer where packs are opened, cut 
for retail display and repackaged aerobically for sale (McMullen & Stiles, 1994). This 
provides the protective effect of vacuum packaging at the wholesale level of handling, 
but the advantages are lost with aerobic packaging at retail level (McMullen & Stiles, 
1994). Shelf-life of pork packaged under vacuum was found to be more than 3-4 weeks at 
1°C and about 2 weeks at 2°C (Rao & Sachindra, 2002). Vacuum packaging results in 
rapid conversion of most myoglobin to deoxymyoglobin, therefore, the ability for 
vacuum-packaged pork to rebloom after being exposed to air is crucial in giving the 
consumer the expected pink-red color before display (Zhu et al., 2001). The ability of 
pork to bloom was studied by Zhu et al. (2001). Their findings showed that pork color 
changed significantly as vacuum packaged refrigerated (4°C) meat was allowed to bloom 
after varying storage periods (7,14, 21, 28 days). In addition they found, as did Brewer et 
al. (2001), that L* values were not a good indicator to evaluate color change during 
blooming of pork. However, the a*, b* values, and chroma increments, and the hue angle 
decrement indicated that pork became more red and yellow during blooming for 30 
minutes at 4°C. In addition pH, muscle and storage time affected the rate and extent of 
pork color changes during the blooming. Longer times in refrigerated storage and lower 
pH resulted in more rapid blooming in terms of instrumental color changes. The majority 
of the changes during the 30 minute bloom period occurred within 20 minutes. Gains in 
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blooming ability of low pH compared to high pH pork must be balanced against color 
instability of the cuts during retail display (Zhu et al., 2001). 
Sørheim et al. (1996) studied the effects of modified atmosphere packaging 100% 
CO2, 50% CO2:50% N2, 25% CO2:75% N2, 25% CO2:65% N2:10% O2 and vacuum on 
pork loins stored for 14 and 22 days at 1°C. After storage, pork chops from the loins were 
subjected to display time under continuous natural fluorescent light (1076 lux) at 3°C.  In 
general, their findings showed that loin sections and chops from the 25% CO2:65%  
N2:10% O2 treatment were more discolored when compared with the other four 
treatments. It was stated that storage with 10% O2 was detrimental to surface color, 
resulting in greyish/greenish surface color with larger areas of discoloration. In addition, 
pork loin sections stored under vacuum were lower or similar in sensory color scores to 
treatments containing very low O2 (Sørheim et al., 1996).  
Detrimental O2 tensions of several mm Hg must be avoided by maintaining the meat in 
either much higher or extremely low O2 concentrations (Sørheim et al., 1996). Severe 
surface discoloration was observed on pork retail cuts stored in mixed atmospheres of 
CO2 (13-28%), O2 (3-10%), and N2 for 14 days and later displayed for 1 day (Seideman 
et al., 1980). Other workers have reported that pork loin sections stored in CO2 
atmospheres with 1, 2.8 and 4% O2 for 12 days were all discolored, but that loin sections 
in O2- free gas atmospheres were not (Sørheim et al., 1995). In addition, Sørheim et al. 
(1996) found that the presence of approximately 6-10% O2 during storage of loin sections 
in pouches filled with a gas mixture containing 10% O2 was likely to facilitate the 
metmyoglobin reaction resulting in graying-greening of the meat. However, storage of 
pork loins under 100% O2 MAP was found to exhibit a bright red color after one day and 
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remained similar to that of fresh loins only up to the fifth day of storage at 5°C after 
which pigment oxidation resulted in an undesirable brownish color (Viana et al., 2005). 
This browning in color was characterized by maintenance of a relatively high hue angle 
associated with a large drop in all other color parameters (L*, a*, b* and C*), which was 
most probably caused by loin surface pigment oxidation (Viana et al., 2005).  
 Modified atmosphere containing different amounts of carbon monoxide have been 
shown to produce a stable cherry red color in pork meat. Viana et al. (2005) found higher 
a* values on pork loins stored under CO with an increase redness stability during the 
storage period (20 days). In addition, they documented that exposure of pork loins to 
100% CO for one hour prior to vacuum packaging will produced higher redness stability 
for 20 days of storage at 5°C. However, they noticed that after 20 days of storage, these 
samples had microbial populations that reached over 107 CFU/g and off-odor was 
noticed, but no apparent color deterioration was detected (Viana et al., 2005).   
Storage in a CO2-enriched atmosphere increases the microbiological shelf life of pork 
(Warren et al., 1992). The time needed to reach an unacceptable level of total aerobic 
bacteria on pork was seven times longer in a CO2 and two times longer in a N2 
atmosphere than in air (Enfors et al., 1979). Pork chops stored under CO2-N2 MAP had 
lower psychrotrophic bacterial counts than pork chops stored under vacuum packaging at 
2°C caused by immediate effect of CO2 on growth of common gram-negative aerobic 
bacteria (Christopher et al., 1980). The microbiological shelf life of pork loins stored at 
4°C in CO2 with 0 or 4% O2 were reported to be 6 and 4 weeks, respectively (Sørheim et 
al., 1995). Pork longissimus dorsi cuts packaged under vacuum were grossly spoiled after 
2 weeks, but such spoilage did not occur until 5.5 weeks in a 100% CO2 atmosphere at 
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3°C (Gill & Harrison, 1989). However, no differences in flavour desirability were found 
on pork loins stored in vacuum and 20 or 40% CO2 enriched atmospheres for 28 days 
(Hall et al., 1980). In addition, exposure of pork to a CO2 enriched atmosphere provided 
not only an antimicrobiological effect during storage, but a continued inhibition of 
microbiological growth when the pork meat was later placed in contact with air (Silliker 
et al., 1977).  
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CHAPTER 3. THE EFFECTIVENESS OF ADDED GAS MIXTURES 
ON THE SHELF LIFE AND PHYSICAL CHARACTERISTICS OF 
ENHANCED PORK CHOPS 
3. 1 Materials and Methods 
Ten crossbred (Landrace x Yorkshire) commercial weight (93.93 kg mean hot 
carcass weight) pigs were slaughtered at the Louisiana State University Agricultural 
Center Animal Science Meat Laboratory. One carcass was condemned by the local 
inspector due to an infection. During slaughtering, eight of the nine pigs were randomly 
assigned to an injection treatment. After chilling the carcasses for approximately 24 hrs at 
4°C, the loins were removed from the left side of the carcasses, the Longissimus dorsi 
muscle was deboned and the excess fat was trimmed. However, while fabricating the 
loins, one was subjectively determined to be pale, soft, exudative (PSE) and was replaced 
by the remaining loin. 
Once the loins were fabricated, they were weighed (initial loin weight) and 
labeled. Instrumental (CIE L* a* b*) color (initial loin color) and pH (initial loin pH) 
were measured in the Longissimus dorsi at both ends of the loins.  A Minolta 
spectrophotometer (Model CM-508d, Illuminant A, 11mm aperture, 10° standard 
observer, Specular Component Excluded, Minolta Co. Ltd., Osaka, Japan) was used to 
obtain color measurements on triplicates, rotating the sample 90° to the right between 
each measurement. Chroma and hue angle values were calculated as chroma = √((a*)2 + 
(b*)2 ) and hue angle = tan-1(b*/a*). A special purpose electrode, with a spear tip for 
piercing (Model 5998-20, Cole Parmer, Vernon Hill, IL), attached to a pH meter (Model 
2000, VWR Scientific International) was used to obtain the pH measurements. After 
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measurements were taken, loins were grouped according to their injection treatment so 
that each injection treatment contained two loins from two different pigs.  
The day prior to carcass injection, the four treatment brine solutions were made. 
Four 30 gallon open-mouth barrels with their respective lids were washed, sanitized and 
labeled 1, 2, 3, 4. For barrels 1, 2 and 3, fifty five pounds (24.95 kg) of water and twenty 
pounds (9.072 kg) of ice were weighed into each of the barrels to achieve a water 
temperature of approximately 4°C. A water sample from each barrel was collected to 
measure initial water pH. Barrels were sealed with their respective lid, taped with 
insulation tape (Thermwell Self Adhesive Foil and Foam Pipe Insulation Tape, 
Thermwell Products Co., Inc, Mahwah, NJ) and secured with a metal ring to avoid leaks. 
Plumbing was attached to the lids using 1.91 cm and 1.27 cm pvc fittings (Figure 1 C). 
Once the barrels were sealed, they were evacuated to 3 mg Hg of vacuum. Immediately 
after the vacuum pump was turned off (Figure 1 A) and the valve was closed, treatment 
gas mixtures from cylinders were released into the water until 5 p.s.i of gauge pressure 
(Figure 1 B) was reached. A gauge pressure of zero indicates that the absolute pressure of 
the fluid is equal to atmospheric pressure (Felder & Rousseau, 2000). Therefore, the 
absolute pressure of the system (water + dissolved gas) was equal to the gauge pressure 
(5 p.s.i.) plus atmospheric pressure (14.7 p.s.i). 
The gas mixtures (Air Liquide, Baton Rouge, LA) pumped into each barrel were 
barrel1: 20% CO2:80% N2; barrel 2: 80% CO2:20% CO; and barrel 3: 100% CO2. After 
several attempts to maintain the desired pressure in the barrels, the barrels did not seem to 
have a sufficiently tight seal to maintain the 5 p.s.i. of pressure. However, previous trials 
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showed that the change in pH obtained after bubbling the gas mixtures into the water, 
was satisfactory enough to eliminate the necessity of a pressure-holding barrel.  
 
 
 
Figure 1. Schematic representation of equipment used for bubbling gas mixtures into 
water. A) 1.27 cm ball valve connected to vacuum pump. B) 1.27 cm ball valve 
connected to regulator hose. C) Photograph of equipment used. 
 
After obtaining the desired pressure and collecting a sample for pH, the barrels 
were stored overnight at 4°C to allow equilibration of the water-gas mixtures.  A 
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water and 30 pounds (13.61 kg) of ice into the barrel to achieve a temperature of 
approximately 4°C. Once the ice melted in the water, 12 pounds (5.44 kg) of a blend of 
potassium and sodium polyphosphates (Brifisol® 750, pH 8.9 ± 0.2, BK® Guilini 
Corporation, Simi Valley, CA) were dissolved in the cold water. Subsequently, 20 
pounds (9.072 kg) of salt (TFC Purex® Salt, Morton International Inc., Chicago, IL) were 
mixed using a commercial paint ribbon mixer for a 0.375 cm hand held electric drill 
(Model DR200, Black & Decker Inc., Towson, MD) and dissolved into the water-
phosphate mixture, resulting in a 9.09% phosphate and 15.15% salt concentrated 
solution. A sample was collected for pH measurement and barrel 4 was covered with its 
lid and stored overnight at 4°C with the other three barrels. 
On the day of injection, each barrel was removed from the cooler just prior its 
usage to avoid change of the carbonated water mixture temperature. The lid of the barrel 
was removed and 25 pounds (11.34 kg) of concentrated brine solution (barrel # 4) was 
hand pumped using a siphon pump (Model 833124, Global Equipment Co, Port 
Washington, NY) into the bottom of the water-gas mixture for it to evenly mix and result 
in a solution of 2.27% phosphate and 3.79 % salt. After the 25 pounds (11.34 kg) of 
concentrated brine was added to the 75 pounds (34.02 kg) of water-gas mixture, the 
injector brine filter was placed into the barrel, the injector (Model FGM 20/40/80, 
Fomaco A/S, Køge, Denmark) was started, and the previously assigned loins were placed 
side by side on the injector conveyor. The injection treatments were: water, salt, 
phosphates, and 20% CO2:80% N2; water, salt, phosphates, and 80% CO2:20% CO; 
water, salt, phosphates, and 100% CO2; or water, salt, and phosphates. The loins were 
injected (4 mm double needles, 30 strokes per minute, 25 p.s.i.) with brine to reach a 
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target of 8% of their original weight. After injection, loins were allowed to equilibrate for 
3 to 5 minutes and subsequent weight (final loin weight), instrumental (CIE L* a* b*) 
color (final loin color) and pH (final loin pH) measurements were obtained and recorded 
as previously described.  
Each boneless loin was sliced (manual slicer, model 512, Hobart®, Troy, OH) into 
twenty 1.3 cm chops. Each chop was placed on a foam tray (4S footprint, 23.5 cm x 18.5 
cm x 1.5 cm, Koch Supplies, Inc., Kansas City, MO) and randomly assigned a label 
denoting the packaging-storage treatment combination. There were twenty packaging-
storage treatment combinations of four packaging treatments (vacuum; no oxygen (80% 
N2:20% CO2); high oxygen (80% O2:20% CO2); overwrap (air permeable)) by five 
storage times (week 0; week 1; week 2; week 3; week 4) that were randomly assigned to 
the twenty chops of each loin so that each loin contained all of the twenty packaging-
storage treatment combinations. 
Weight (initial chop weight), instrumental (CIE L* a* b*) color (initial chop 
color), and pH (initial chop pH) were measured as described previously on each chop 
prior to packaging.   
Chops were placed on a foam tray (3H footprint, Sealfresh TM) with an absorbent 
pad (Dri-Loc® AC-25, Cryovac®, Duncan, SC) and into a 3 mil standard 
nylon/polyethylene barrier vacuum pouch (25.4 cm x 25.4 cm, 3.5 cc/100 in.2 at 25°C O2 
permation, 0.6 cc/100 in.2 at 0°C; H2O vapor transmission rate = 0.6 cc/100 in.2 at 40°C; 
Koch Supplies, Inc., Kansas City, MO). 
The chops assigned to high oxygen (80% O2:20% CO2) and no oxygen (80% 
N2:20% CO2) packaging treatments were packaged using a vacuum packager (Tubovac 
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Model SB 600, The Netherlands), gas flushed with the appropriate gas mixture (Aligal 12 
and Aligal 28, Air Liquide, Baton Rouge, LA) and sealed (vacuum setting 3, flush setting 
4, seal setting 3). Chops in vacuum treatments had the same degree of vacuum with no 
gas flushing before sealing. The percent carbon dioxide and percent oxygen in the 
packages were measured using a headspace oxygen/carbon dioxide analyzer (Model 
6600, Illinois Instruments, Ingleside, IL) in five random packages from each packaging 
treatment. Chops assigned to overwrap packaging treatment were manually overwrapped 
with polyvinyl chloride film (PVC, Borden Resinite, 62 gauge, O2 transmission rate 325 
cc/m2/24h at 23°C, 0% RH; CO2 transmission rate 2,500 cc/cm2/24 h at 23°C, 90% RH). 
After packaging, chops were placed in previously labeled cardboard boxes (40 cm x 52 
cm x 22 cm) according to their storage time.  The thirty-two packaged chops for each 
storage time were divided into sixteen packages in each of two cardboard boxes. Each 
layer of packaged chops contained five packages with a cardboard divider (38 cm x 51 
cm) on top of each package layer. Boxes of chops were stored at 4°C until sampling. 
Chops assigned to week zero were removed from the cooler and from the 
cardboard boxes and analyzed the day after packaging. After the carbon dioxide and 
oxygen were measured in each package in high oxygen, no oxygen and overwrap 
treatments using a headspace oxygen and carbon dioxide analyzer (Model 6600, Illinois 
Instruments, Ingleside, IL), the chops were moved to the cooking and sensory laboratory 
and placed in a refrigerator at 5°C for subsequent analysis. Packages of chops were 
removed from the refrigerator three packages at a time and opened. A microbiology 
sample of approximately 15 – 20 grams was aseptically removed from each chop using a 
scalpel previously dipped in ethanol and flamed for sterility purposes. The sample was 
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placed in a labeled Whirl-Pack® bag, sealed and placed in the refrigerator for one hour 
until analysis. Chops were removed from their packages, blot dried with paper towels to 
remove excess moisture and placed on a foam tray (4S footprint, 23.5 cm x 18.5 cm x 1.5 
cm, Koch Supplies, Inc., Kansas City, MO) with their respective tag. Chops were 
weighed (blotted weight) on a tared scale. Percent drip loss was calculated by subtracting 
the total of the microbiology sample weight plus the blotted weight from the initial 
weight divided by the initial weight times one hundred (% drip loss = (initial weight – 
(microbiology sample weight + blotted weight) / initial weight) x 100). Subsequent 
measurements of instrumental color (CIE L* a* b*) and pH were obtained from each 
chop and recorded.  
 Chops were cooked (Model FSR 200, Farberware® Millenium® Open Hearth® 
Smokeless Indoor Grill/Rotisserie, Salton/MAXIM Housewares, Inc., Mt. Prospect, IL) to 
an internal temperature of 70°C after turning once at 35°C. The temperature of each chop 
was monitored by inserting a copper-constantan thermocouple (Omega® Engineering, 
Inc., Stamford, CT) through the center of the chop to record the temperature on a 
multipoint recorder (Honeywell Multitrend Plus V5, York, PA). After reaching 70°C, the 
chops were removed from the grill, placed on a foam tray (4S footprint, 23.5 cm x 18.5 
cm x 1.5 cm , Koch Supplies, Inc., Kansas City, MO), and allowed to cool at room 
temperature (25°C). After cooling, the chops were blot dried using paper towels to 
remove excess moisture and weighed (cooked weight) on a tared scale.  Percent cook loss 
was calculated by subtracting the cooked weight from the blotted weight and dividing it 
by the blotted weight times one hundred ( % cook loss = (blotted wt – cooked wt )/ 
blotted wt  x 100). Chops were individually tagged with their corresponding number and 
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placed into a 3 mil standard nylon/polyethylene barrier vacuum pouch (45.7 cm x 76 in, 
3.5 cc/100 in.2 at 25°C O2 permeation, 0.6 cc/100 in.2 at 0°C; H2O vapor transmission 
rate = 0.6 cc/100 in.2 at 40°C; Koch Supplies, Inc., Kansas City, MO) and stored at 5°C 
overnight. 
After cooling overnight, three 1.3 cm cores were removed parallel to the fiber 
length of the muscle from each chop and sheared perpendicular to the muscle fiber 
orientation using a Warner-Bratzler shear force attachment (Model TA-HDi®; 250 kg 
load cell; crosshead speed of 200 mm/min; Texture Technologies Corp., Scarsdale, NY).  
The 15-20 gram samples from each chop were moved to the refrigerator (5°C) in 
the chemistry laboratory for microbiological testing. Each sample was prepared following 
the 3M PetrifilmTM Aerobic Count Plate Interpretation Guide (2005; 3M Company, St 
Paul, MN). Each sample was weighed and placed in a stomacher bag (size 177 x 304 
mm, Seward Limited, London, United Kingdom). Phosphate buffer solution (PBS, 0.2M, 
pH 7.0) was pipetted into the stomacher bag in an amount equal to the weight of the 
sample. The sample was then stomached (Stomacher 400 Circulator, 230 rpm, Seward 
Limited, London, United Kingdom) for one minute and one milliliter of  stomached 
sample was diluted into nine milliliters of PBS. Subsequent dilutions (figure 2) were 
made based on the colony counts obtained from samples from a previous storage time, 
estimating that bacterial counts increased one log per week.  PetrifilmsTM of the four 
highest dilutions were inoculated in duplicates. PetrifilmsTM were incubated at 35°C ± 
1°C for 48 ± 3 hours. After 48 ± 3 hours, the plates were counted and recorded.  The log 
coliform forming units (log CFU) per gram were calculated using the following formula: 
Log CFU/g = log                                             1                                    x colonies counted 
       Initial dilution x subsequent dilution x volume plated 
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Where    
Initial dilution = sample weight /(sample weight + ml of PBS) 
Subsequent dilution = dilution of interest 
Volume plated = amount of solution plated 
Colonies counted = number of colonies present in plate after incubation 
 
Figure 2. Dilution diagram used for Petrifilm plates. 1) 10-1 dilution 2) 102 dilution 3) 103 
dilution. 
 
Before analyses of samples after 1, 2, 3 and 4 weeks of storage, packages from the 
desired storage treatment were taken out of the cardboard boxes and displayed under 
continuous cool white fluorescent light (1200 ± 500 lux) for 48 hours before completion 
of the storage time. After twenty four hours of display, light intensity measurements were 
taken using a light meter (Extech Instruments Corporation, Waltham, MA). Samples that 
1 ml 
1 ml 
1 ml 1 ml1 ml 
Dilution 
bottles 1 2 3
PBS + 
Sample Petrifilm 
1 ml 1 ml 1 ml 1 ml 1 ml 1 ml 
Petrifilm
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were exposed to the lowest light intensity were relocated to higher light intensity areas to 
expose all samples to similar light intensities during the display period.   
At each sampling time, procedures for weight, color, pH, microbial and shear 
analyses were conducted as were described previously for the zero storage time analyses. 
3.2 Statistical Analysis 
The experimental design used by Price (2006) was used and was determined 
before the experiment. A split plot design was constructed so that loins constituted the 
main plots and chops within loins were the split plots.  Eight pigs were randomly 
assigned to an injection treatment. From each pig, the left loin was removed and it was 
injected with its pre-assigned injection treatment. Each injection treatment contained two 
loins from two random pigs. Twenty chops were obtained from each loin. Each chop was 
randomly assigned to one of twenty packaging type and storage time combinations.   
The split plot model used to analyze the data was: 
  Yijk = ūijk + ρil + εijk 
Where,  
i is for injection treatment with 4 levels, j for packaging type with 4 levels, k for 
storage time with 5 level, and l for loin within i injection treatment. 
ūijk is the population average value for the dependent variable Y, 
 ρil is the random effect of loin within injection treatment, 
εijk is the experimental error, 
ρil is N(0, σp2), 
εijkil N(0, σε2), and 
all  ρil ‘s and εijk ‘s are independent.  
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After analyzing the data using this model, the initial chop dependent variables 
seemed to have excessive variation. To account for this variation, a covariate was 
included into the model, and the data was reevaluated. 
The new model was Yijk = ūijk + ρil + C + εijk  where C is the covariate for chop 
initial pH. 
The model accounted for eighty population average values for the dependent 
variable through ūijk. Eighty values were required since there were eighty possible 
combinations of injection treatment, packaging type and storage time. The model term ρil 
accounted for the (positive) correlation between values of the dependent variable for 
different chops that belong to the same loin and C accounted for the variation in pump 
rate percent among the loins expressed as chop initial pH.  
Two packages of each injection and packaging treatment combinations were used 
as replications for sampling at each storage time. 
Single factor main effects tested the null hypothesis that population averages for 
each level were not different among between each other with α = 0.05. 
Two factor interactions tested the null hypothesis that the population averages for 
each possible interaction were not different between each other with α = 0.05.  
Null hypotheses were rejected in favor of the alternate (nulls are false) whenever 
probability values were less than 0.05. The appropriate test statistics, analysis of variance 
were calculated using the General Linear Model (GLM) in SAS (SAS, 2003).  
3.3 Results and Discussion 
Injection treatment, packaging type and storage time were the main factors in this 
experiment. Injection treatments consisted of four brine solutions (2.27% phosphates, 
 38
3.79% salt and 93.94% water) containing dissolved gas mixtures that were bubbled into 
the water prior to the mixture of the phosphates and salt.  These gas mixtures were 20% 
CO2:80% N2, 80% CO2:20% CO, and 100% CO2. 
Carbon dioxide is highly soluble in water. Its solubility increases with a pH above 
5.0 due to an increasing fraction of dissolved CO2 being present as bicarbonate (HCO3-) 
(Jakobsen & Bertelsen, 2002). At high pH (low H+ concentrations), the reaction will be 
pushed toward the direction of HCO3- , and consequently higher amounts of CO2 will be 
able to dissolve in the water (Jakobsen & Bertelsen, 2002). 
Water at 15.6°C and at 1 atm of pressure will dissolve a quantity of CO2 equal to 
its own volume. At 15.6°C and at 1 atm of pressure, CO2 has a density of 1.86 (air = 
1.00). This means that 1 liter of water at 15.6°C and 1 atm of pressure can absorb 1 liter 
of CO2, therefore containing 1.86 g of dissolved CO2 (Shachman, 2005).   At different 
temperatures and pressures, the volume of CO2 capable of being dissolved in 1 liter of 
water will change (Shachman, 2005). 
  A decrease in pH was obtained due to the dissolution of carbon dioxide in the 
water.  From the results observed, it is obvious that a 100% mixture of CO2 will have a 
lower pH than a 20% mixture of CO2. In addition, estimated amounts of dissolved CO2 
were calculated (Appendix A). Carroll et al. (1991) used a model based on Henry’s law 
to correlate low pressure data (up to 1 MPa) in a range of 0 to 160°C (273 – 433 K) 
obtaining an equation for Henry’s constant as a function of temperature. This equation 
ln(H21/MPa) = -6.8346 + 1.2817 x 104/T – 3.7668 x 106/T2 + 2.997x108/T3 where H21 is 
Henry’s constant for carbon dioxide ( 2 solute) and water (1 solvent) and T is temperature 
in Kelvin (K) was used to calculate the Henry’s constant for the solubility of CO2 in 
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water at 4°C (277.15 K). Once the Henry’s constant was obtained, the concentration of 
CO2 was calculated using Henry’s law where the solubility of the gas (Xco2) increases in 
direct proportion to its partial pressure (p) above the solution (Xco2 = H x p) (Brown et 
al., 2000). From the estimated amount of dissolved carbon dioxide and assuming that all 
the dissolved carbon dioxide stayed in the injected pork loins, the actual percent of 
carbon dioxide in each loin can be calculated (Table 2) using the following formula % 
ingredient in product = % ingredient in brine x (% pump)/(meat % + brine%). 
Table 1.  pH measurements before and after the addition of different gas mixtures, 
phosphates and salt to water. 
 
Gas Mixtures Initial water 
pH  
before gas 
dissolution 
pH of water 
after gas 
dissolution 
Estimated 
amount of 
dissolved CO2 
(g/L) in water 
pH of water 
containing 
dissolved gas, salt 
and phosphates 
20%CO2:80%N2 8.47 6.77 0.775 7.82 
80%CO2:20%CO 8.39 5.44 3.089 6.71 
100%CO2 8.64 5.37 3.873 6.94 
No gas 8.56 -------- ------- 7.83 
 
The inclusion of different gas mixtures with different carbon dioxide percentages 
into a brine solution with subsequent injection into the meat was expected to have similar 
preservative effects as when carbon dioxide is incorporated into a modified atmosphere 
package. Pumping or injecting fresh pork with a phosphates and salt solution has been 
shown to increase fluid retention (Jones et al., 1987) due to an increase in meat pH. 
Sutton et al. (1997) found that the addition of sodium tripolyphosphates (STP) increases 
the meat pH, therefore improving the water holding capacity by moving the meat pH 
further from the meat protein isoelectric point. The estimated amount of ingredients in the 
brine was calculated assuming a pump rate at 108% of original fresh product weight. 
However, the pump rate varied from 113.77% to 116.23% (Table 2) of original fresh 
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product weight. This variation resulted in differences in final ingredient concentration in 
the injected loins, therefore, affecting their final pH due to increased phosphate 
concentration (Baublits et al., 2006). Similar findings were obtained after injecting loins 
that had an initial mean pH range of 5.56 – 5.67, resulting in a final mean pH range of 
5.77 – 5.88, where the loins injected with 20% CO2:80% N2 had the lowest final pH and 
the lowest pump rate percent (Table 2). However, the loins injected with 100% CO2 had 
the highest pump rate, but their final pH was slightly lower than the loins injected with no 
gas at a lower pump rate. Therefore, it can be assumed that the amount of carbon dioxide 
dissolved in the brine had a slight effect on the final pH of injected pork loins. These 
findings agree with Bendall (1972) who indicated that dissolution of CO2 in muscle tissue 
produced a fall in pH regardless of the buffering capacity of the tissue. However, after the 
incorporation of phosphates into the muscle tissue, an extra buffering capacity prevents 
pH changes in the meat so that a change in pH by the incorporation of carbon dioxide can 
be hard to detect. Even though there were no significant differences among loin data, it is 
important to note that loin final pH values were inversely proportional to the amount of 
carbon dioxide injected in the samples (Table 2). 
Table 2. Percent of carbon dioxide in loin and least square means of percent pump, initial 
pH and final pH on deboned pork loins. 
 
Injection Treatment 
Loin Pump Rate 
% 
% CO2 in 
loin 
Loin Initial 
pH 
Loin Final 
pH 
20% CO2:80% N2 113.77 0.0065 5.60 5.77 
80% CO2:20% CO 115.12 0.0282 5.56 5.78 
100% CO2 116.23 0.0375 5.67 5.86 
No Gas 115.33 ------ 5.65 5.88 
SE 2.00 ------ 0.04 0.02 
SE = Standard Error 
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 The amount of carbon monoxide dissolved in the pork loins injected with 80% 
CO2:20% CO was also estimated using calculations (Appendix A) similar to the ones 
used for carbon dioxide, but since the solubility of carbon monoxide is so small at a 
partial pressure of 1 atm, no data or formula was found to allow calculation of CO 
solubility at lower partial pressures (0.268 atm). However, the concentration of carbon 
monoxide at 1 atm was calculated (Apendix A). For a partial pressure of 1 atm, carbon 
monoxide will dissolve at 0.04014 g CO/L H2O. So, it can be assumed that at a lower 
partial pressure, the amount of dissolved carbon monoxide at the same temperature (4°C) 
will be smaller. 
  Initial loin color was fairly uniform among the loins, except for the loins that were 
assigned to 20% CO2:80% N2 injection treatment, who appeared to have higher degree of 
redness given by a higher a* value and a lower hue angle (Table 3). In addition, these 
loins had lower L* values and higher b* values and therefore appeared darker and 
yellower when compared with the other loins. However, any differences among initial 
color of the loin were not significant. 
Table 3. Least square means of initial color values on deboned pork loins 
 
Injection Treatment 
Loin 
Initial L* 
value 
Loin 
Initial a* 
value 
Loin 
Initial b* 
value 
Loin 
Initial 
Chroma 
Loin Initial 
Hue Angle 
20% CO2:80% N2 55.34 8.88 16.47 18.97 1.10 
80% CO2:20% CO 58.31 4.32 15.59 16.37 1.32 
100%CO2 58.06 3.65 15.16 15.65 1.34 
No Gas 56.10 4.76 14.60 15.53 1.29 
SE 3.68 1.64 1.12 1.50 0.08 
SE = Standard Error 
 After injection, loin color did not change significantly. However, it is noticeable 
that the loins with the lowest pump rate had an increase in their L* value and that the 
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loins injected with 80% CO2:20% CO had the highest a* value, therefore a lower hue 
angle value (Table 4). Even though, the final a* values obtained for the loins injected 
with 20% CO2: 80%N2, 80% CO2:20% CO and no gas appeared similar, the increase in 
a* values after injection was slightly higher (0.56) for loins injected with 80% CO2:20% 
CO when compared to loins injected with no-gas.  These differences can be explained by 
the fact that as pump rate increases, the amount of phosphates in the final product 
increase, therefore increasing the water holding capacity of the final product. The more 
bound water the less reflectance of light therefore decreasing the L* values.  The 
formation of carboxymyoglobin in the presence of carbon monoxide is responsible for the 
higher degree of redness of the loins.  
Table 4. Least square means of final color values on deboned pork loins 
 
Injection Treatment 
Loin Final 
L* value 
Loin Final 
a* value 
Loin Final 
b* value 
Loin Final 
Chroma 
Loin Final 
Hue Angle 
20%CO2:80%N2 57.19 6.11 16.64 17.85 1.24 
80%CO2:20%CO 57.42 6.37 15.91 17.20 1.19 
100%CO2 52.18 4.46 14.36 15.09 1.28 
No Gas 52.76 6.25 15.42 16.74 1.20 
SE 3.05 1.20 1.56 1.85 0.05 
SE = Standard Error 
The main effects of injection treatment were not significantly different for any of 
the dependent variables. In addition, initial values for color were similar indicating that 
there were no differences in the initial chop values. 
The main effects of packaging type were significantly different for the dependent 
variables final pH, percent drip loss, percent cook loss, and total aerobic count (Table 5).  
There were no differences with packaging type for initial color, which verified that there 
were no differences in the initial chop values. 
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Packaging type main effect had higher (p≤ 0.05) final pH in overwrap packaging 
than in any other type of packaging (Table 6). No significant differences were found 
between the final pH of vacuum, no-oxygen, and high-oxygen packages.  The pH slightly 
decreased in pork chops packaged under vacuum, no-oxygen and high-oxygen from a 
final loin pH range of 5.77 – 5.88 to a final chop pH range of 5.66- 5.68. This decrease in 
pH agrees with the findings of Huang et al. (2005) that showed a decrease in pH of 
control chops stored in high-oxygen for 14 days. Bendall (1972) indicated that 
dissolution of CO2 in muscle tissue packaged in modified atmosphere produced a fall in 
pH regardless of the buffering capacity of the meat. Several studies have shown large 
differences in CO2 solubility under different product, packaging and storage conditions 
(Jakobsen & Bertelsen, 2003). Zhao et al. (1995) showed a solubility of 1.52 litters of 
CO2 per kilogram of meat when chopped pork was packaged with a partial pressure of 
2.3 atmospheres and stored at 13°C. However, Bendall (1972) also noted that a decline in 
pH values during anaerobic storage might be due to the accumulation of lactic acid 
because of anaerobic respiration in muscles or degradation products of carbohydrates 
caused by microorganism growth.  
Packaging type main effect presented a lower relative final weight and 
consequently a higher (p ≤ 0.05) percent drip loss (Table 6) or purge in samples packaged 
under vacuum than in any other type of packaging. These results agree with findings of 
Huang et al. (2005) who attributed the weight loss during vacuum packaging of pork 
chops to higher purge due to negative pressure on the meat surface.  Under pressure in a 
vacuum package, moisture is more easily forced out of the muscle than in a gaseous 
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environment where the looser protein network allows the muscle to retain moisture 
(O’Keefe and Hood, 1980). 
Table 5. Analysis of variance for packaging type main effect on enhanced pork chops. 
 
Dependent variable F value Pr > F 
Final pH 59.64 <.0001 
%Drip loss 140.81 <.0001 
%Cook loss 5.30 0.0023 
Initial L* 0.54 0.6562 
Initial a* 0.29 0.8332 
Initial b* 0.63 0.6005 
Initial Chroma 0.56 0.6432 
Initial Hue angle 0.19 0.9010 
Final L* 2.05 0.1143 
Final a* 0.82 0.4891 
Final b* 2.04 0.1156 
Final Chroma 1.86 0.0680 
Final Hue angle 0.68 0.5647 
Shear Force 2.31 0.0827 
Total aerobic count 37.08 <.0001 
 
Table 6. Least square means for packaging type main effect on enhanced pork chops 
Packaging Final pH % Drip loss % Cook loss TAC 
(log CFU/g) 
Vaccum 5.68b 19.72a 20.67b 4.66c 
No O2 5.67b 5.60b 21.93b 4.72c 
High O2 5.66b 5.92b 25.01a 4.16b 
Overwrap 5.84a 7.05b 21.82b 5.95a 
SE 0.01 0.57 0.80 0.13 
abc LS Means in the same column with the same letters are no different (p<0.05) 
SE = Standard Error 
TAC = Total Aerobic Count 
Percent cook loss was affected (p ≤ 0.05) by packaging type. High-oxygen 
packages had the highest percent cook loss when compared with vacuum, no-oxygen and 
overwrap packages while the cook loss was not different (p ≥ 0.05) among these three 
treatments (Table 6). These results were contradictory to the findings of Price (2006), 
who found no significant differences in percent cook loss on pork chops packaged in high 
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oxygen. Samples packaged with high oxygen when compared with the other types of 
packaging may have had higher cook losses due to the differences in the amount of 
original pump solution retained and/or the pH differences of injection solutions on the 
loins (Table 1 and 2). Jensen et al. (2003a) found differences in injection solution 
retention resulting in differences in salt and phosphate uptake. They stated that retention 
differences may be due to pH alterations induced by the various solutions which 
ultimately results in differences in water holding capacity due to pH and ionic strength 
effects on muscle tissue protein and therefore, yield.  
Samples in vacuum, and no-oxygen had lower (p ≤ 0.05) total aerobic counts 
when compared with overwrap packages. However, they were not different (p ≥ 0.05) 
among each other (Table 6), but aerobic counts were higher than with high oxygen 
packaging.  Several studies have shown that the inclusion of carbon dioxide in modified 
atmosphere packaging can inhibit bacterial growth, therefore extending the shelf life of 
retail meat products. Most aerobic bacteria are inhibited by CO2 concentrations of 10% or 
higher, while ~ 20% CO2 does retard the growth of aerobic bacteria, temperature control 
is still critical (Jakobsen & Bertelsen, 2002). Rotabakk et al. (2006) found the highest 
growth rate in all bacterial counts reached > 8.0 log CFU /g in chicken fillets stored in 
overwrap packaging. High bacterial growth causes proteolytic breakdown of products 
that increase pH, which explains the higher (p ≤ 0.05) pH observed in samples packed in 
overwrap and agrees with Rotabakk et al. (2006) findings.  
Storage main effect was significantly different for the dependent variables final 
pH, percent drip loss, percent cook loss, final color (L*, a*, b*, chroma, hue angle), shear 
force and total aerobic count (Table 7). 
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Storage weeks 1, 2 and 3 had a final pH that was not significantly different among 
each other, but that were significantly different than at week zero and week four. These 
results show a slow increase in pH as storage time increased. 
Table 7. Analysis of variance for storage main effect on enhanced pork chops. 
 
Dependent variable F value Pr > F 
Final pH 83.95 <.0001 
% Drip loss 25.35 <.0001 
% Cook loss 7.82 <.0001 
Initial L* 0.46 0.7675 
Initial a* 1.14 0.3442 
Initial b* 0.76 0.5545 
Initial Chroma 0.80 0.5319 
Initial Hue angle 2.22 0.0748 
Final L* 3.42 0.0128 
Final a* 4.91 0.0014 
Final b* 3.73 0.0080 
Final Chroma 3.37 0.0137 
Final Hue angle 6.23 0.0002 
Shear Force 5.30 0.0008 
Total aerobic count 131.79 <.0001 
 
Samples stored for four weeks had the highest (p≤ 0.05) final pH, while samples 
stored for zero weeks had the lowest (p≤ 0.05) pH (Table 8).  This increase in pH can be 
associated with an increase in the total aerobic count found in samples stored for four 
weeks. Samples stored for four weeks had higher (p ≤ 0.05) counts than those stored for 
zero, one, two or three weeks. Total aerobic counts were lower (p ≤ 0.05) on week zero 
and week one when compared with week two and week three. In addition, samples stored 
for two weeks had lower (p ≤ 0.05) counts than samples stored for three weeks (Table 8). 
These results agree with Bohaychuk & Greer (2003) who showed an increased number of 
total psychrotrophic bacteria, pseudomonas, lactic acid bacteria, and Enterobacteriaceae 
in enhanced boneless pork loins during a 35 day storage period.  In addition, Jensen at al. 
(2003) reported an increase in aerobic plate count in enhanced pork loins after 18 days of 
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storage.  They found that after 14 days of storage, pork roasts pumped with 0.35% STP 
and 0.35% salt had an aerobic plate count of approximately 5.3 log CFU/cm2 prior to 
retail display and it exceeded 8 log CFU/cm 2 after 96 hrs of display under fluorescent 
light (3013 lux). These results are higher than the counts found in our experiment, where 
after two weeks (14 days) of storage, samples did not reach 5 log CFU/g and after three 
weeks (21 days) they were slightly under 6 log CFU/g (Table 8). 
Table 8. Least square means for storage main effect on enhanced pork chops 
 
Storage 
(weeks) 
Final pH % Drip 
loss 
% Cook 
loss 
Shear Force TAC (log 
CFU/g) 
0 5.61c 3.96b 22.22b 2161.75a 3.25d 
1 5.67 b 10.40a 26.15a 2219.30a 3.43d 
2 5.70 b 10.57a 22.51b 1912.21ab 4.74c 
3 5.67 b 11.11a 21.70b 1932.47ab 5.95b 
4 5.90 a 11.81a 19.20b 1763.94b 6.99a 
SE 0.012 0.64 0.89 81.93 0.14 
abc LS Means in the same column with the same letters are no different (p<0.05) 
SE = Standard Error 
TAC = Total Aerobic Count 
Percent drip loss was lower (p ≤ 0.05) in week zero than in any other week. 
Samples stored for 1, 2, 3 and 4 weeks had no significant drip loss when compared with 
each other (Table 8). This loss during storage can be attributed to surface drying of the 
pork chops and to vapor transmission loss during simulated retail display (Huang et al., 
2005). 
Samples stored (4°C ± 1°C) for one week had the highest (p ≤ 0.05) percent cook 
loss when compared with the other storage weeks. The cook losses for weeks 0, 2, 3 and 
4 were not significantly different from one another (Table 8). These differences in 
percent cook loss for samples stored for one week can be attributed to the variation of 
pump rate of the loins. 
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 Samples stored for zero and one week had higher (p ≤ 0.05) shear values than 
samples stored for four weeks. However, samples stored for two and three weeks were 
not significantly different than samples stored for zero, one, or four weeks (Table 8). This 
decrease in shear force represents the normal tenderizing process of meat due to 
proteolytic degradation of myofibrillar proteins (Aberle et al., 2001). 
Samples stored (4°C ± 1°C) for three weeks were lighter (p ≤ 0.05) (higher L* 
value) than samples stored for zero weeks. However, these samples were not significantly 
lighter than the samples stored for one, two, or four weeks (Table 9). Jensen at al. (2003a) 
found no significant differences in L* values of pork chops after storage of 14 days and 
retail displayed under fluorescent light for 96 hrs.  
The a* values were higher in weeks zero, one and two than in weeks three and 
four. Samples stored (4°C ± 1°C) for one week were redder (p ≤ 0.05) than samples 
stored for three or four weeks. However, samples stored for zero, two, three and four 
weeks were not significantly different among each other (Table 9). Jensen et al. (2003) 
found a similar trend in pork chops, with a decrease in a* values with longer storage 
times.  
The b* values measure color in a yellow and blue scale. Positive b* values 
represent yellow while negative b* values represent blue (Hunt et al., 1991). Samples 
stored (4°C ± 1°C) for one and two weeks presented higher (p ≤ 0.05) b* values than 
samples stored for zero weeks. However, samples at one and two weeks were not 
significantly different between each other or when compared to week three and four 
samples (Table 9). Jensen et al. (2003) found that by the end of 96 hr display under 
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fluorescent light, enhanced chops had a significant increase in b* values, indicating an 
increase in yellowness.  
Chroma is the strength or weakness of a chromatic color, expressed as weak, 
moderate or strong (Hunt et al., 1991). Samples stored for two, three and four weeks had 
no significant differences in color strength when compared between each other and with 
samples stored for zero and one week. However, the latter samples were different (p ≤ 
0.05) from one another. Samples stored for one week presented higher color strength than 
samples stored for zero weeks (Table 9).   
Table 9. Least square means for storage main effect on final color (L* a* b* chroma and 
hue angle) on enhanced pork chops 
 
Storage 
(weeks) 
L* a* b* Chroma Hue angle 
0 53.31 b 1.25 ab 10.63 b 10.82 b 1.48bc 
1 55.79 ab 1.73 a 12.19 a 12.39 a  1.45 c 
2 54.22 ab 0.99 ab 11.18 ab 11.31 ab 1.51 abc 
3 57.19 a 0.79 b 11.86 ab 11.97 ab 1.52 ab 
4 55.05 ab 0.49 b 12.24 a 12.37 a 1.55 a 
SE 0.80 0.21 0.36 0.37 0.02 
abc LS Means in the same column with the same letters are no different (p<0.05) 
SE = Standard Error 
 The hue angle for samples stored (4°C ± 1°C) for two, three, and four weeks had 
higher values than samples stored for zero and one week. Hue is the distinctive 
characteristic of any chromatic color distinguishing it from other hues found between the 
ends of the spectrum i.e. red, yellow, green, blue or purple (Hunt et al., 1991). The hue 
angle, which is calculated from a* and b* values, measures the degree of departure from 
the true red axis of the CIE color space (Brewer et al., 2006). Week four samples had a 
higher (p ≤ 0.05) hue angle than samples from week zero and week one. In addition, 
samples stored for three weeks had a higher (p ≤ 0.05) hue angle than samples stored for 
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one week, but were not significantly different than samples stored for zero weeks (Table 
9). Samples stored for zero weeks were not subject to display storage under fluorescent 
light; therefore, their color was not affected by UV radiation causing pigment oxidation. 
An increase in hue angle was also found by Jensen et al. (2003). In addition, Jensen et al. 
(2003) also reported an agreement in visual color scores with instrumental color scores. 
Visual scores showed an increase in visual gray and brown colors after 96 hrs of display 
storage as well as an increase in discoloration. 
Even though injection treatments did not give significant main effects in all of the 
dependent variables, there were significant interaction effects with packaging and storage 
main effects. 
Table 10. Analysis of variance for the interaction effect between injection treatment and 
packaging type on enhanced pork chops 
 
Dependent variable F value Pr > F 
Final pH 2.58 0.0120 
% Drip loss 1.57 0.1390 
% Cook loss 1.13 0.3502 
Initial L* 1.37 0.2162 
Initial a* 1.51 0.1604 
Initial b* 1.51 0.1608 
Initial Chroma 1.52 0.1570 
Initial Hue angle 1.71 0.1017 
Final L* 2.62 0.0110 
Final a* 3.79 0.0006 
Final b* 1.89 0.0666 
Final Chroma 1.88 0.0680 
Final Hue angle 6.19 <.0001 
Shear Force 1.56 0.1415 
Total aerobic count 1.08 0.3909 
The interaction effect between injection treatment and packaging was significant 
(p≤ 0.05) for final pH, final L*, final a* and final hue angle (Table 10).   
Final pH for enhanced pork chops was found to have a significant (p ≤ 0.05) 
interaction effect between injection treatment and packaging type mainly due to an 
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increase (p ≤ 0.05) in final pH for overwrapped packages that had the highest (p ≤ 0.05) 
values for 100% CO2 and no gas when compared to the other samples. In addition, 
samples in high oxygen MAP and injected with 20% CO2:80% N2 or 80% CO2:20% CO 
had a lower (p ≤ 0.05) final pH than in other packaging treatments, but final pH is the 
same as for other MAP treatments when injected with 100% CO2 or no gas. 
It is interesting to note the range for final chop pH is wider (5.55 – 5.95) than the 
final pH range values for the loins (5.77 – 5.88). The values that fell between the final 
loin pH range or higher corresponded to chops in overwrap packages injected with 100% 
CO2, and no-gas. Therefore, it was assumed that some dissolution of carbon dioxide took 
place after injection by either equilibration of the carbon dioxide in the tissue or due to 
modified atmosphere packaging. Jakobsen & Bertelsen (2002) reviewed the effects of 
carbon dioxide on chemical quality changes in meat and they found that five out of 
fifteen studies showed a decrease in pH of 0.05-0.35 unit, whereas no pH changes 
occurred in the remaining studies when high CO2 concentrations were used in modified 
atmosphere packaging. Therefore, our findings agreed with those five studies since the 
pH on some of our chops decreased 0.07 units or higher (0.22), specifically the samples 
injected with 20% CO2:80% N2.  
The interaction effect between injection treatment and packaging type showed 
significant differences in the final L*, a* and hue angle values of the samples (Figures 4, 
5, 6). L* is the degree of lightness on a scale of 0 to 100 where 100 is absolute white 
(Hunt et al., 1991). 
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Figure 3. Least square means for the interaction effect between injection treatment and 
packaging type on final pH of enhanced pork chops. Standard Error = 0.02 
 
Significant interactions for dependent variable final L* values were only slightly 
related to final pH. This relationship was expected as L* measures luminosity which 
increases when light scattering increases as generally occurs with the free water increases 
that accompany varying degrees of protein damage (Brewer et al., 2001).  Therefore, as 
pH approaches the isoelectric point of the various water binding muscle proteins, free 
water increases, scatters more light and the tissue appears lighter (Brewer et al., 2001). 
As a result of this relationship, samples injected with 20% CO2:80% N2 that had lower (p 
≤ 0.05) pH values had higher (0.05) L* values when compared with samples injected 
with 80% CO2:20% CO and no gas and packaged in overwrap that had a higher (p ≤ 
0.05) final pH (Figure 4). However, this relationship was not shown in samples packaged 
in overwrap and injected with 20% CO2:80% N2 and 100% CO2 or by samples packaged 
in high oxygen MAP and injected with 100% CO2 and no gas (Figure 4).  
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Figure 4. Least square means for the interaction effect between injection treatment and 
packaging type on final L* values of enhanced pork chops. Standard Error = 1.4 
 
Hue angle and a* values measure redness. Positive a* values represent red color 
and negative a* values green hues (Hunt et al., 1991). Hue angle measures the degree of 
departure from the true red axis of the CIE color space; as hue angle decreases, visually 
perceived redness increases (Brewer et al., 2006).  
Similar trends were observed for the interaction effect between injection treatment 
and packaging type for dependent variables final a* and final hue angle because of the 
relationship between these two variables. There was no consistent pattern for a* values 
between the injection and packaging treatments. Samples injected with 80% CO2:20% 
CO and packaged in vacuum and no oxygen MAP had a higher (p ≤ 0.05) degree of 
redness than samples in all other treatments while control (no gas) samples in vacuum, no 
oxygen and overwrap had lower a* values than samples in other treatment cells (Figure 
5). The interaction for hue angle was primarily due to a high hue angle in samples 
 54
injected with 80% CO2:20% CO and lower hue angle in control chops (no gas) that were 
packaged in high oxygen MAP. (Figure 6). 
The addition of carbon monoxide as part of an injection treatment had noticeable 
effects on the a* values and subsequently on the hue angle of the samples.  The stability 
of carboxymyoglobin has been highly documented in previous research (Jayasingh et al., 
2001; Krause et al., 2003; Hunt et al., 2004; Luño et al., 2000; Martínez et al., 2005; 
Sørheim et al., 1997, 1999; Wilkinson et al., 2006). In this experiment, chops fabricated 
from loins injected with carbon monoxide had an initially brighter red color (subjective) 
than any of the other chops. In addition, a* values of vacuum packaged samples as well 
as no-oxygen packages were increased compared with other chops as previously noted. 
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Figure 5. Least square means for the interaction effect between injection treatment and 
packaging type on final a* values of enhanced pork chops. Standard Error = 0.4 
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Figure 6 Least square means for the interaction effect between injection treatment and 
packaging type on final hue angle values of enhanced pork chops. Standard Error = 0.03 
 
 The injection treatment/storage interaction effect was different (p ≤ 0.05) for 
dependent variables final pH, final a* value and final hue angle (Table 11). All the other 
dependent variables were not significantly different. 
Final chop mean pH ranged from 5.52-5.97. Jensen et al., (2003) found a pH 
range from 5.7 to 5.94 on enhanced pork loins after storage for 14 days and packaged 
under vacuum. The incorporation of carbon dioxide into brine solutions seemed to 
somewhat lower final pH of enhanced chops during storage time; however, this was not 
observed in treatments injected with 100% CO2 after two weeks of storage (Figure 7). 
After three weeks of storage, final pH for samples injected with 20% CO2:80% N2 and 
80% CO2:20% CO were lower (p≤ 0.05) than samples injected with 100% CO2 and no 
gas. There was a trend in all samples to have increased pH through week one and an 
increased pH at week 4. This was probably due to increased microbial growth at the end 
of storage time. 
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Table 11. Analysis of variance for the interaction effect between injection treatment and 
storage time of enhanced pork chops. 
 
Dependent variable F value Pr > F 
Initial pH 1.21 0.29 
Final pH 2.19 0.02 
Initial weight 0.34 0.98 
Final weight 0.47 0.93 
% Drip loss 1.40 0.19 
% Cook loss 0.77 0.68 
Initial L* 1.34 0.22 
Initial a* 0.89 0.56 
Initial b* 1.32 0.23 
Initial Chroma 1.28 0.25 
Initial Hue angle 0.50 0.91 
Final L* 1.21 0.29 
Final a* 1.87 0.05 
Final b* 0.76 0.69 
Final Chroma 0.78 0.67 
Final Hue angle 2.11 0.03 
Shear Force 0.96 0.49 
Total aerobic count 0.54 0.88 
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Figure 7. Least square means for the interaction effect between injection treatment and 
storage time on final pH of enhanced pork chops. Standard Error = 0.025 
 
 Even though no visual color evaluation was performed in this experiment, 
photographs of the chops at sampling provided documentation that samples containing 
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carbon monoxide in injection solutions remained red for the length of the study (28 days). 
Therefore, a* values and hue angle values were expected to be higher and lower, 
respectively, for samples injected with carbon monoxide (Figures 8 and 9).  Based upon 
our results, carbon monoxide had the highest (p ≤ 0.05) a* value at week zero and a* 
decreased as storage time increased. Similar color effects were found on pork color when 
carbon monoxide was included in packaging as reported by Jayasingh et al. (2001), 
Krause et al. (2003), Hunt et al. (2004), Luño et al. (2000), Martínez et al. (2005), 
Sørheim et al. (1997, 1999), and Wilkinson et al. (2006). For all the other samples, a* 
values increased at week one of storage and decreased as storage time increased, except 
for samples injected with 100% CO2 that showed about the same a* values at weeks one, 
three and four (Figure 8). 
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Figure 8. Least square means for the interaction effect between injection treatment and 
storage time on final a* values of enhanced pork chops. Standard Error = 0.4. 
 
 The hue values (Figure 9) of chops in 80% CO2:20% CO and no gas showed 
similar trends of slight increases with storage time while samples in 20% CO2:80% N2 
and 100% CO2 had more variation in hue value with storage time. 
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Figure 9. Least square means for the interaction effect between injection treatment and 
storage time on final hue angle values of enhanced pork chops. Standard Error = 0.03. 
 
The packaging/storage interaction effects were different (p ≤ 0.05) for dependent 
variables final pH, final hue angle and total aerobic count (Table 12). 
Table 12. Analysis of variance for the interaction effect between packaging and storage 
of enhanced pork chops. 
 
Dependent variable F value Pr > F 
Final pH 22.17 <.0001 
% Drip loss 1.22 0.2869 
% Cook loss 1.15 0.3343 
Initial L* 0.49 0.9148 
Initial a* 0.61 0.8282 
Initial b* 0.67 0.7720 
Initial Chroma 0.65 0.7910 
Initial Hue angle 0.74 0.7054 
Final L* 0.92 0.5306 
Final a* 1.61 0.1080 
Final b* 0.98 0.4795 
Final Chroma 0.92 0.5271 
Final Hue angle 2.23 0.0182 
Shear Force 0.50 0.9098 
Total aerobic count 5.71 <.0001 
 
The interaction effect between packaging type and storage time for final pH was 
an interaction mainly because of the increase (p ≤ 0.05) in final pH for samples packaged 
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in overwrap at weeks three and four compared with cops in the other package-storage 
time treatment combinations. All the other samples followed the same trend of slightly 
increased pH with increased storage time, with a slight decrease at week three. The 
reason for this decline in MAP treatments is not clear.  
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Figure 10. Least square means for the interaction effect between packaging type and 
storage time on final pH of enhanced pork chops. Standard Error = 0.025. 
 
 This increase in pH for samples packaged in overwrap could be attributed to a 
high (p ≤ 0.05) total aerobic count (Figure 12). These results agreed with Rotabakk et al. 
(2006), who reported that the microbiological characteristics of chicken samples were 
significantly affected by storage time. In addition, pork chops stored under vacuum and 
MAP did not reach spoilage levels (6 log CFU/g) until week four of storage, except for 
high oxygen packaging that did not reach spoilage levels for the length of the study 
(Figure 12).  
Hue angle values appeared similar for all the samples; therefore, the interaction 
effect was mainly due to the increase in hue angle for samples packaged in high oxygen 
MAP and stored for four weeks. Higher hue angles reveal a decrease in visual redness 
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(Brewer et al., 2006). As storage time increased, meat pigments underwent several 
chemical changes and became unstable and produced a brownish color that is typical of 
metmyoglobin in the presence of excess oxygen after extended storage time (Figure 11). 
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Figure 11. Least square means for the interaction effect between packaging type and 
storage time on final hue angle values of enhanced pork chops. Standard Error = 0.03 
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Figure 12. Least square means for the interaction effect between packaging type and 
storage time on total aerobic count of enhanced pork chops. Standard Error = 0.28. 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 
Carbon dioxide and carbon monoxide have been used in modified atmosphere 
packaging as antimicrobial agents and as color stabilizers, respectively, to increase the 
shelf life of retail meats. The objective of this experiment was to analyze the effects of 
incorporating carbon dioxide and carbon monoxide into brine solutions for injection into 
fresh pork. Boneless loins (n = 8) were injected with brine solutions containing 2.27% 
phosphates, 3.79% salt and a gas mixture of 20% CO2:80% N2, 80% CO2:20% CO or 
100% CO2. Twenty chops were obtained from each pork loin after injection. Chops from 
loins injected with brine solution containing no gas were used as controls. Injected chops 
(n = 160) were packaged in 80% O2:20% CO2 modified atmosphere (MAP), vacuum, 
80% N2:20% CO2 MAP, and overwrap packaging and stored for 28 days at 4°C. Pork 
chops were evaluated every seven days after being displayed under fluorescent light for 
48 hrs.   
 There were no significant differences between injection treatments. Brine 
solutions that contained carbon dioxide had no effect on the bacterial growth of enhanced 
pork chops. However, the pH drop found in the interaction effect between injection 
treatment and packaging type was assumed to be produced by the dissolution of carbon 
dioxide into the muscle tissue but the amount of carbon dioxide dissolved in the meat was 
apparently not sufficient to cause a bacteriostatic effect. A higher dissolution of carbon 
dioxide in the brine solution could be expected to increase the amount of dissolved 
carbon dioxide into the meat with a subsequent increase in shelf life.  
 The color of the pork chops was highly diverse. The effect of dissolved carbon 
monoxide to produce a brighter red color was expected. In addition, after storage for 
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three weeks in vacuum, chops with carbon monoxide had a redder color than the typical 
purplish red color produced by vacuum packaging and other injection treatments due to 
the lack of oxygen. 
 Samples packaged in overwrap had the shortest shelf life of the samples in the 
packaging treatments.  The growth of aerobic bacteria increased with increased storage 
time, as was expected, since atmospheric amounts of oxygen promote bacterial growth. 
Altering atmospheres through vacuum packaging, high oxygen MAP and no oxygen 
MAP, lowered (p ≤ 0.05) total aerobic counts compared with overwrap packaging. 
 The desires by consumers for tender, juicy and convenient meat products are 
driving the red meat and poultry industry into the incorporation of brine solutions into 
their fresh cuts to satisfy consumer demand and add value to their product. Therefore, the 
incorporation of carbon dioxide and carbon monoxide into brine solutions could prolong 
the shelf life of products without affecting the quality traits. 
 A brine solution with 80% CO2:20% CO dissolved gas mixture, was shown to 
maintain a red color in meat regardless of its packaging type. In addition, under higher 
pressure to cause greater dissolution of carbon dioxide, a larger bacteriostatic effect 
should be observed than was measured in current study. This would extend the shelf life 
of the product providing the consumer with a tender, juicy and convenient product while 
allowing industry to add value to the raw materials. 
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APPENDIX A: CALCULATIONS FOR DISSOLVED CARBON 
DIOXIDE AND CARBON MONOXIDE 
 
For a 80% CO2: 20% CO gas mixture 
Gauge Pressure  = 5 p.s.i. 
Absolute Pressure  = Gauge Pressure + Atmospheric Pressure  
= 5 p.s.i + 14.7 p.s.i = 19.7 p.s.i  
Partial pressure of CO2 = 19.7 p.s.i. x 0.80 = 15.76 p.s.i. 
Partial pressure of CO = 19.7 p.s.i. x 0.20 = 3.94 p.s.i. 
• For Carbon Dioxide 
Using Carroll et al. (1991) equation for Henry’s constant as a function of temperature, 
where T is temperature in Kelvin,  
ln(H21/MPa) = -6.8346 + 1.2817 x 104/T – 3.7668 x 106/T2 + 2.997 x 108/T3  
at 4°C (277.15 K) 
ln(H21/MPa) = 4.450018  so,  H21/MPa = 85.62849 (Henry’s constant) 
Henry’s law : pCO2 = H * Xco2, where pCO2 is the partial pressure, H is Henry’s constant 
and  Xco2 is the equilibrium mole fraction of carbon dioxide (solute) in liquid phase 
(solvent). Therefore,  
 XCO2 (mol fraction) = 0.1083166 MPa/85.62849 = 0.00126496 mol fraction. 
Molar density of water (4°C) = 55.49251 mol/L 
 CO2 concentration =  XCO2 * 55.49251 mol/L  
CO2 concentration = 0.00126496 * 55.49251 = 0.070196 mol CO2/L H2O   
0.070196 mol CO2/L H2O  = 44 g CO2/mol CO2 → 0.070196 * 44 = 3.0886 g CO2/L 
H2O. 
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For different percentages of carbon dioxide in a gas mixture, adjust its partial pressure 
and follow the same calculations.  
1 Liter of cold water weights = 2.2005 lb   
So, in 75 lb of cold water, there will be 105.268 g of dissolved CO2 at a partial pressure 
of 15.76 p.s.i at 4°C. Therefore, if a 80% CO2:20% CO gas mixture is bubbled into 75 
pounds of water at 4°C, the water will contain 105.269 g of CO2 
• For Carbon Monoxide 
Wilhelm et al. derived an equation for the mole fraction solubility of carbon monoxide in 
water at a partial pressure of 1.013 bar (14.69 p.s.i.). This equation, lnxco2 = - 171.764 + 
8296.9/T + 23.3376ln(T), where Xco is the mole fraction/bar of carbon monoxide and T 
is temperature in Kelvin, was be used to estimate the dissolution of carbon monoxide at 
1.013 bar (1 atm) at 4°C. The result was  Xco = 2.583454 x 10-5, an extremely low value 
at  1.013 bar. The partial pressure for carbon monoxide in our system was 0.272 bar, 
therefore if the solubility of carbon monoxide was so small at 1 bar, at lower partial 
pressures, it would not be accurately calculated.  
For ease in calculations, it was assumed there were 1.013 bar (1 atm) of pressure. 
Molar density of water (4°C) = 55.49251 mol/L 
 CO concentration =  XCO * 55.49251 mol/L  
CO concentration = 2.583454 x 10-5 * 55.49251 = 0.0014336 mol CO/L H2O   
0.0014336 mol CO/L H2O  = 28 g CO/mol CO → 0.0014336 * 28 = 0.04014 g CO/L 
H2O. 
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APPENDIX B: ANALYSIS OF VARIANCE FOR CHOP 
DEPENDENT VARIABLES 
• Chop final pH 
                                              Sum of 
Source                      DF       Squares     Mean Square F Value Pr > F 
Model   84 5.45206753     0.06490557 13.38    <.0001 
Injtrt    3 0.46868973     0.15622991 2.65     0.1853 
Loin(injtrt)  4      0.23617309     0.05904327 12.17    <.0001 
Packaging  3      0.86816455     0.28938818     59.64    <.0001 
Injtrt*packaging 9      0.11276678     0.01252964     2.58     0.0120 
Storage  4      1.63833555     0.40958389     84.41    <.0001 
Injtrt*storage  12      0.12669181     0.01055765     2.18     0.0214 
Packaging*storage 12      1.29091189     0.10757599     22.17    <.0001 
Injtrt*packag*storage 36      0.20105952     0.00558499     1.15     0.2996 
CipH    1      0.01166503     0.01166503     2.40     0.1252 
Error   75      0.36392997     0.00485240 
Corrected Total           159      5.81599750 
 
               R-Square     Coeff Var      Root MSE     cfpH Mean 
               0.937426      1.219710      0.069659      5.711125 
• Chop percent drip loss 
                                      Sum of 
Source                      DF        Squares     Mean Square F Value Pr > F 
Model   84     8988.9424 107.01121 8.22     <.0001 
Injtrt                       3     450.39336 150.13112 0.93     0.5034 
Loin(injtrt)                 4      644.77731      161.19432      12.39    <.0001 
Packaging                    3     5496.4673 1832.1557    140.81    <.0001 
Injtrt*packaging 9      184.18594 20.465105       1.57     0.1390 
Storage                      4     1285.7294    321.43237      24.70    <.0001 
Injtrt*storage              12      225.48349     18.790291       1.44     0.1654 
Packaging*storage      12      190.20791      15.850660       1.22     0.2869 
Injtrt*packag*storag   36      274.80694 7.6335260       0.59     0.9602 
CipH                         1       20.120277       20.120277       1.55     0.2175 
Error   75      975.84022      13.011203 
Corrected Total  159     9964.7826 
 
          R-Square     Coeff Var      Root MSE    percentdriploss Mean 
          0.902071      37.69672      3.607105                9.568749 
 
 
 
 
 
 76
• Chop percent cook loss      
 Sum of 
Source   DF        Squares Mean Square F Value Pr > F 
Model                       84     3615.458575   43.041174       1.67     0.0121 
Injtrt                       3     352.8559569   117.6186523   5.82     0.0610 
loin(injtrt)                 4       80.881407       20.220352       0.79     0.5381 
Packaging                    3      409.590429     136.530143     5.30     0.0023 
Injtrt*packaging        9      262.624353     29.180484       1.13     0.3502 
Storage                      4      793.244786     198.311196     7.70     <.0001 
Injtrt*storage              12      231.448693     19.287391       0.75     0.6990 
Packaging*storage      12      355.304439     29.608703       1.15     0.3343 
Injtrt*packag*storag   36     1019.639110   28.323309       1.10     0.3566 
CipH                         1  0.002335       0.002335       0.00     0.9924 
Error                       75     1930.369163   25.738256 
Corrected Total           159     5545.827738 
 
          R-Square     Coeff Var      Root MSE    percentcookloss Mean 
          0.651924      22.69310      5.073288                22.35609 
 
• Chop Initial L* value 
Sum of 
Source   DF Squares Mean Square F Value Pr > F 
Model   84     3170.9250 37.74910       1.35     0.0940 
Injtrt   3     211.54879   70.51626    0.30     0.8249 
Loin(injtrt)                 4     940.34531   235.0863   8.40     <.0001 
Packaging                    3      45.368853    15.12295    0.54     0.6562 
Injtrt*packaging          9     345.55449   38.39494     1.37     0.2162 
Storage                      4      51.082735    12.77068     0.46     0.7675 
Injtrt*storage              12     450.73912   37.56159     1.34     0.2137 
Packaging*storage      12     164.44363   13.70363     0.49     0.9148 
Injtrt*packag*storag   36     662.82320   18.41175     0.66     0.9164 
CipH                         1       6.7097510       6.709751      0.24     0.6258 
Error                      75     2099.2572   27.99009 
Corrected Total           159     5270.1823 
 
              R-Square     Coeff Var      Root MSE    ciL Mean 
              0.601673      10.45247      5.290567        50.61548 
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• Chop initial a* value 
Sum of 
Source   DF Squares Mean Square F Value Pr > F 
Model                       84     494.69612  5.889239     1.85     0.0036 
Injtrt                       3     101.28393   33.76131     0.84     0.5406 
Loin(injtrt)                 4     161.70533   40.42633     12.70    <.0001 
Packaging                    3       2.7605803     0.920193       0.29     0.8332 
Injtrt*packaging         9      43.228614     4.803179       1.51     0.1604 
Storage                      4      14.519302     3.629825       1.14     0.3442 
Injtrt*storage              12      34.325918     2.860493       0.90     0.5522 
Packaging*storage      12      23.256292     1.938024       0.61     0.8282 
Injtrt*packag*storag   36      78.427176     2.178532       0.68     0.8945 
CipH                         1       1.3837761      1.383776       0.43     0.5117 
Error                       75     238.74250   3.183233 
Corrected Total          159     733.43862 
 
              R-Square     Coeff Var      Root MSE    cia Mean 
              0.674489      68.95256      1.784162        2.587521 
 
• Chop initial b* value 
     Sum of 
Source   DF Squares Mean Square F Value Pr > F 
Model                       84     1004.1398  11.95404       1.79     0.0054 
Injtrt   3     80.986382   26.99546  0.37     0.7773 
Loin(injtrt)                 4     288.60293   72.15073    10.82    <.0001 
Packaging                    3      12.524318     4.174772       0.63     0.6005 
Injtrt*packaging         9      90.520480     10.05783    1.51     0.1608 
Storage                      4      20.281550     5.070387       0.76     0.5545 
Injtrt*storage              12    103.32291   8.610242       1.29     0.2419 
Packaging*storage      12   53.847564     4.487297       0.67     0.7720 
Injtrt*packag*storag   36   207.79224   5.772006       0.87     0.6787 
CipH                         1       0.0150092      0.015009       0.00     0.9623 
Error                       75      500.30791     6.670772 
Corrected Total         159     1504.4477 
 
              R-Square     Coeff Var      Root MSE    cib Mean 
              0.667447      22.37993      2.582784        11.54063 
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• Chop initial Chroma 
Sum of 
Source   DF Squares Mean Square F Value Pr > F 
Model                       84     1227.7083 14.61557       1.74     0.0078 
Injtrt                       3     96.453659 32.15121   0.35     0.7929 
Loin(injtrt)                4     367.96189 91.99047     10.9     <.0001 
Packaging                    3      14.130585 4.710195       0.56     0.6432 
Injtrt*packaging          9     114.97481 12.77497     1.52     0.1570 
Storage                      4      26.766672 6.691668      0.80     0.5319 
Injtrt*storage              12     127.14383   10.59531     1.26     0.2607 
Packaging*storage      12     65.804585    5.483715       0.65     0.7910 
Injtrt*packag*storag   36     248.70021  6.908339       0.82     0.7396 
CipH                         1       0.1020311    0.102031       0.01     0.9126 
Error                       75      630.99003    8.413200 
Corrected Total           159     1858.6984 
 
              R-Square     Coeff Var      Root MSE    cic Mean 
              0.660520      24.30229      2.900552        11.93530 
 
• Chop initial Hue angle 
                                        Sum of 
Source                      DF     Squares     Mean Square   F Value    Pr > F 
Model                       84    2.221114     0.026441     2.90     <.0001 
Injtrt                       3      0.826798     0.275599     1.78     0.2900 
Loin(injtrt)                 4      0.619417     0.154854     17.0     <.0001 
Packaging                    3      0.005267     0.001755     0.19     0.9010 
Injtrt*packaging          9      0.140124     0.015569     1.71     0.1017 
Storage                      4      0.080890     0.020222     2.22     0.0748 
Injtrt*storage              12      0.053659     0.004471     0.49     0.9140 
Packaging*storage      12      0.081196     0.006766     0.74     0.7054 
Injtrt*packag*storag   36      0.280271     0.007785     0.85     0.6935 
CipH                         1      0.000202     0.000202     0.02     0.8817 
Error                       75      0.683138     0.009108 
Corrected Total           159    2.904252 
 
              R-Square     Coeff Var      Root MSE    cih Mean 
              0.764780      6.926911      0.095439        1.377794 
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• Chop final L* value 
Sum of 
Source   DF       Squares Mean Square F Value Pr > F 
Model                       84  3091.3307 36.80155       1.80     0.0049 
Injtrt                       3   257.67884    85.89294       0.46     0.7229 
Loin(injtrt)                 4   740.59311    185.1482      9.08     <.0001 
Packaging                    3     125.35402   41.78467       2.05     0.1143 
Injtrt*packaging          9     480.17667   53.35296       2.62     0.0110 
Storage                      4     278.70959   69.67739       3.42     0.0128 
Injtrt*storage              12     290.34616   24.19551       1.19     0.3088 
Packaging*storage      12     225.49266   18.79105       0.92     0.5306 
Injtrt*packag*storag   36     384.76350   10.68787       0.52     0.9827 
CipH                         1       0.1922542       0.192254       0.01     0.9229 
Error                       75     1530.0499   20.40066 
Corrected Total           159     4621.3807 
 
              R-Square     Coeff Var      Root MSE    cfL Mean 
              0.668919      8.195287      4.516710        55.11350 
 
• Chop final a* values 
Sum of 
Source   DF  Squares     Mean Square   F Value    Pr > F 
Model                       84     312.57522   3.721133       2.57     <.0001 
Injtrt                       3     18.028469   6.009489     0.50     0.6994 
Loin(injtrt)                 4     47.604547   11.90113  8.22     <.0001 
Packaging                    3      3.5458673    1.181955     0.82     0.4891 
Injtrt*packaging          9     49.401353   5.489039     3.79     0.0006 
Storage                      4     28.439597   7.109899     4.91     0.0014 
Injtrt*storage              12   34.138274   2.844856     1.96     0.0397 
Packaging*storage      12     27.921836  2.326819     1.61    0.1080 
Injtrt*packag*storag   36     41.229336   1.145259     0.79     0.7793 
CipH                         1      6.9695153     6.969515     4.81     0.0314 
Error                       75     108.64106   1.448547 
Corrected Total          159     421.21629 
 
              R-Square     Coeff Var      Root MSE    cfa Mean 
              0.742078      114.4042      1.203556        1.052021 
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• Chop final b* value 
Sum of 
Source                      DF       Squares     Mean Square F Value    Pr > F 
Model                      84      854.1190       10.16808       2.45     <.0001 
Injtrt                       3     55.51824     18.50608       0.46     0.7243 
Loin(injtrt)                 4     160.3631      40.09077       9.66     <.0001 
Packaging                    3      25.39590       8.465301       2.04     0.1156 
Injtrt*packaging          9      70.55636       7.839595       1.89     0.0666 
Storage                      4      61.96998      15.49249       3.73     0.0080 
Injtrt*storage              12      30.87733       2.573111       0.62     0.8190 
Packaging*storage      12      48.61606       4.051338       0.98     0.4795 
Injtrt*packag*storag   36     164.6259       4.572943       1.10     0.3554 
CipH                         1      16.34000      16.34000       3.94     0.0509 
Error                       75      311.4010        4.152013 
Corrected Total           159     1165.520 
 
              R-Square     Coeff Var      Root MSE    cfb Mean 
              0.732822      17.53715      2.037649        11.61904 
 
• Chop final Chroma 
Sum of 
Source                      DF Squares     Mean Square F Value   Pr > F 
Model                       84      889.2177 10.58592       2.38     <.0001 
Injtrt                       3     55.69619 18.56539 0.42     0.7486 
Loin(injtrt)                 4     176.5162 44.12906     9.91    <.0001 
Packaging                    3      24.87055 8.290184       1.86     0.1433 
Injtrt*packaging 9      75.30750     8.367500       1.88     0.0680 
Storage                      4      59.98989      14.99747     3.37     0.0137 
Injtrt*storage              12      34.82714       2.902262       0.65     0.7909 
Packaging*storage  12      49.40973       4.117478       0.92     0.5271 
Injtrt*packag*storag   36     173.4529       4.818137       1.08     0.3786 
CipH                         1      14.26271      14.26271       3.20     0.0775 
Error                       75      333.9119        4.452159 
Corrected Total           159     1223.129 
 
              R-Square     Coeff Var      Root MSE    cfc Mean 
              0.727002      17.92433      2.110014        11.77178 
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• Chop final Hue angle 
Sum of 
Source                      DF Squares Mean Square F Value Pr > F 
Model                       84      2.464518      0.02933950     3.64     <.0001 
Injtrt                       3      0.194161      0.06472061     0.77     0.5665 
Loin(injtrt)                 4      0.334823      0.08370584     10.3     <.0001 
Packaging                    3      0.016539      0.00551314     0.68     0.5647 
Injtrt*packaging          9      0.448952      0.04988358     6.19     <.0001 
Storage                      4      0.200842      0.05021057     6.23     0.0002 
Injtrt*storage              12      0.231766      0.01931388     2.40     0.0111 
Packaging*storage      12      0.215789      0.01798248     2.23     0.0182 
Injtrt*packag*storag   36      0.287684      0.00799124     0.99     0.4988 
CipH                         1      0.104098      0.10409813     12.91    0.0006 
Error                       75      0.604681      0.00806242 
Corrected Total         159     3.069199 
 
              R-Square     Coeff Var      Root MSE    cfh Mean 
              0.802984      5.977118      0.089791        1.502245 
 
• Chop Shear force 
Sum of 
Source                      DF      Squares     Mean Square  F Value    Pr > F 
Model                       84     26156303.83   311384.57       1.45     0.0497 
Injtrt                       3     575405.6200   191801.87       0.27     0.8420 
Loin(injtrt)                 4     2799878.598   699969.65       3.27     0.0158 
Packaging                    3     1486484.248   495494.74       2.31     0.0827 
Injtrt*packaging          9     3015087.759   335009.75       1.56     0.1415 
Storage                      4     4535213.273   1133803.3       5.30     0.0008 
Injtrt*storage              12     2209615.259   184134.60       0.86     0.5898 
Packaging*storage      12     1278693.105   106557.75       0.50     0.9098 
Injtrt*packag*storag   36     6985449.538   194040.26       0.91     0.6200 
CipH                         1      195386.8950   195386.89       0.91     0.3425 
Error                       75     16055720.35   214076.27 
Corrected Total           159     42212024.18 
 
             R-Square     Coeff Var      Root MSE    shear force Mean 
             0.619641      23.15812      462.6838         1997.933 
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• Total aerobic count 
Sum of 
Source                      DF Squares Mean Square F Value    Pr > F 
Model                       84     492.37387       5.861593       9.38     <.0001 
Injtrt                       3      7.0558555      2.351951       1.87     0.2758 
Loin(injtrt)                 4       5.0360078       1.259002       2.02     0.1009 
Packaging                    3      69.497785      23.16592      37.08    <.0001 
Injtrt*packaging          9       6.0465567       0.671839       1.08     0.3909 
Storage                      4     329.36023      82.34005     131.79    <.0001 
Injtrt*storage              12       5.2655999       0.438800       0.70     0.7443 
Packaging*storage      12      42.841707       3.570142       5.71     <.0001 
Injtrt*packag*storag   36      18.275816       0.507661       0.81     0.7510 
CipH                         1       0.8602079       0.860207       1.38     0.2444 
Error                       75      46.857496       0.624766 
Corrected Total           159     539.23137 
 
               R-Square     Coeff Var      Root MSE      TAC Mean 
               0.913103      16.22164      0.790422      4.872639 
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APPENDIX C: LEAST SQUARE MEANS AND STANDARD ERROR 
FOR CHOP DEPENDENT VARIABLES 
Appendix C.1: Chop Main Effects 
• Chop final pH 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 5.62770557       0.01266864       
80% CO2:20% CO 5.67219321       0.01101993       
100% CO2 5.77561552       0.01164964       
No Gas 5.76898570       0.01121350       
 
• Chop percent drip loss 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 12.7288741        0.6560098       
80% CO2:20% CO 7.6227519        0.5706364       
100% CO2 8.8180536        0.6032439 
No Gas 9.1053167        0.5806595 
 
• Chop percent cook loss 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 24.6873222        0.9226589       
80% CO2:20% CO 22.1365660        0.8025836       
100% CO2 22.5410746        0.8484452       
No Gas 20.0593810        0.8166808       
 
• Chop initial L* value 
     
 Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 52.9911890        0.9621745       
80% CO2:20% CO 50.1548130        0.8369566       
100% CO2 49.5239536        0.8847823       
No Gas 49.7919610        0.8516576       
 
• Chop initial a* value 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 3.15579213       0.32447845       
80% CO2:20% CO 3.66043572       0.28225066       
100% CO2 1.91940884       0.29837915       
No Gas 1.61444665       0.28720834       
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• Chop initial b* value 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 12.9443241        0.4697207       
80% CO2:20% CO 11.2147982        0.4085910       
100% CO2 11.2516749        0.4319389       
No Gas 10.7517028        0.4157678       
 
• Chop initial Chroma 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 13.4350288        0.5275119       
80% CO2:20% CO 11.8419443        0.4588612       
100% CO2 11.4843714        0.4850817       
No Gas 10.9798687        0.4669210       
 
• Chop initial Hue angle 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 1.36566168       0.01735703       
80% CO2:20% CO 1.26516844       0.01509818       
100% CO2 1.41996481       0.01596092       
No Gas 1.46037935       0.01536337       
 
• Chop final L* value 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 57.7041518        0.8214361       
80% CO2:20% CO 54.7299063        0.7145340       
100% CO2 54.1080274        0.7553642       
No Gas 53.9119145        0.7270847       
 
• Chop final a* value 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 1.22984793       0.21888601       
80% CO2:20% CO 1.40719301       0.19040007       
100% CO2 1.08091897       0.20127999       
No Gas 0.49012342       0.19374441       
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• Chop final b* value 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 12.5565844        0.3705792       
80% CO2:20% CO 11.2959221        0.3223518       
100% CO2 11.8048209        0.3407718       
No Gas 10.8188392        0.3280138       
 
• Chop final Chroma 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 12.7466796        0.3837399       
80% CO2:20% CO 11.5130829        0.3337998       
100% CO2 11.8794278        0.3528739       
No Gas 10.9479493        0.3396629       
 
• Chop final Hue angle 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 1.50155283       0.01632993       
80% CO2:20% CO 1.46368612       0.01420474       
100% CO2 1.48576194       0.01501644       
No Gas 1.55798107       0.01445425       
 
• Chop shear force 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 2002.16181         84.14647       
80% CO2:20% CO 1915.69540         73.19560       
100% CO2 2086.59980         77.37818       
No Gas 1987.27633         74.48127       
 
• Chop total aerobic count 
 
Injection Treatment Least Square Mean Standard Error 
20% CO2:80% N2 4.98035669       0.14375089       
80% CO2:20% CO 4.55568257       0.12504307       
100% CO2 5.12298636       0.13218834       
No Gas 4.83153110       0.12723943       
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• Chop final pH 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 5.67773367 0.01104278       
No O2 5.67304257 0.01101489       
High O2 5.65564514 0.01106261       
Overwrap 5.83807862 0.01102040       
 
• Chop percent drip loss 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 19.7166839 0.5718196  
No O2 5.5890752 0.5703754       
High O2 5.9224430 0.5728463       
Overwrap 7.0467941 0.5706606       
 
• Chop percent cook loss 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 20.6650795 0.8042478       
No O2 21.9292957 0.8022165       
High O2 25.0120788 0.8056918       
Overwrap 21.8178898 0.8026177       
 
• Chop initial L* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 51.1612542 0.8386920  
No O2 49.7844418 0.8365738  
High O2 50.5235934 0.8401979  
Overwrap 50.9926273 0.8369921  
 
• Chop initial a* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 2.76643655  0.28283591       
No O2 2.43840742  0.28212156       
High O2 2.48593726  0.28334374       
Overwrap 2.65930210  0.28226264       
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• Chop initial b* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 11.8487673  0.4094382 
No O2 11.1034020  0.4084041 
High O2 11.5052371  0.4101733 
Overwrap 11.7050937  0.4086083 
 
• Chop initial Chroma 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 12.2832571 0.4598127 
No O2 11.4942306 0.4586513 
High O2 11.8490508 0.4606383 
Overwrap 12.1146746 0.4588807 
 
• Chop initial Hue angle 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 1.37437883 0.01512948 
No O2 1.38771933 0.01509127 
High O2 1.37496431 0.01515665 
Overwrap 1.37411180 0.01509882 
 
• Chop final L* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 54.5065917 0.7160156 
No O2 54.7984912 0.7142072 
High O2 56.6427347 0.7173012 
Overwrap 54.5061824 0.7145643 
 
• Chop final a* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 0.83142855 0.19079486 
No O2 1.21390361 0.19031298 
High O2 1.16181123 0.19113743 
Overwrap 1.00093994 0.19040815 
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• Chop final b* value 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 11.0608278        0.3230202       
No O2 11.4475135        0.3222044       
High O2 11.8623148        0.3236002       
Overwrap 12.1055107        0.3223655       
 
• Chop final Chroma 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 11.2110100        0.3344919       
No O2 11.6044524        0.3336471       
High O2 12.0448364        0.3350925       
Overwrap 12.2268408        0.3338140       
 
• Chop final Hue angle 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 1.51748445       0.01423420       
No O2 1.49153034       0.01419825       
High O2 1.49448669       0.01425976       
Overwrap 1.50548049       0.01420535       
 
• Chop shear force 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 2102.92603         73.34737       
No O2 1918.25727         73.16212       
High O2 2083.96813         73.47907       
Overwrap 1886.58190         73.19871       
 
• Chop total aerobic count 
 
Packaging Type Least Square Mean Standard Error 
Vaccum 4.65502347       0.12530235       
No O2 4.71887510       0.12498588       
High O2 4.16239945       0.12552733       
Overwrap 5.95425869       0.12504838       
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• Chop final pH 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 5.61085977       0.01235130       
1 5.66552674       0.01231428       
2 5.70406390       0.01232900       
3 5.67035748       0.01235295       
4 5.90481711       0.01232514       
 
• Chop percent drip loss 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 3.9596332        0.6395772       
1 10.3959208        0.6376605       
2 10.5656315        0.6384225       
3 11.1145704        0.6396630       
4 11.8079894        0.6382226       
 
• Chop percent cook loss 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 22.2207104        0.8995469       
1 26.1469237        0.8968510       
2 22.5139881        0.8979229       
3 21.7005223        0.8996675       
4 19.1982852        0.8976417       
 
• Chop initial L* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 50.1194639        0.9380726       
1 51.6783726        0.9352613       
2 50.2565804        0.9363791       
3 50.3219381        0.9381984       
4 50.7010408        0.9360858       
 
• Chop initial a* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 2.22231726       0.31635049       
1 3.08465900       0.31540241       
2 2.53710105       0.31577935       
3 2.36263852       0.31639290       
4 2.73088834       0.31568046       
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• Chop initial b* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 11.2762325        0.4579545       
1 12.1980281        0.4565820       
2 11.3343517        0.4571277       
3 11.2575547        0.4580159       
4 11.6369581        0.4569845       
 
• Chop initial Chroma 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 11.5888968        0.5142981       
1 12.6922583        0.5127567       
2 11.7290056        0.5133696       
3 11.6325544        0.5143670       
4 12.0338014        0.5132088       
 
• Chop initial Hue angle 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 1.39968761       0.01692225       
1 1.34768941       0.01687153       
2 1.38273728       0.01689170       
3 1.40302203       0.01692452       
4 1.35583152       0.01688641       
 
• Chop final L* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 53.3087361        0.8008597       
1 55.7885594        0.7984596       
2 54.2233950        0.7994138 
3 57.1923810        0.8009671       
4 55.0544285        0.7991635       
 
• Chop final a* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 1.25152002       0.21340306       
1 1.73417254       0.21276350       
2 0.99059201       0.21301779       
3 0.79396805       0.21343167       
4 0.48985155       0.21295107       
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• Chop final b* value 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 10.6253674 0.3612964 
1 12.1882608 0.3602136 
2 11.1755892 0.3606441 
3 11.8614834 0.3613448 
4 12.2445075 0.3605312 
 
• Chop final Chroma 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 10.8205782 0.3741275 
1 12.3877460 0.3730062 
2 11.3101641 0.3734520 
3 11.9709243 0.3741776 
4 12.3695119 0.3733351 
 
• Chop final Hue angle 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 1.47770618 0.01592088 
1 1.45061459 0.01587316 
2 1.50794626 0.01589213 
3 1.52138574 0.01592301 
4 1.55357469 0.01588716 
 
• Chop shear force 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 2161.74628 82.03866 
1 2219.29796 81.79279 
2 1912.20951 81.89054 
3 1932.47109 82.04965 
4 1763.94182 81.86490 
 
 
• Chop total aerobic count 
 
Storage Time (weeks) Least Square Mean Standard Error 
0 3.25098658 0.14015002 
1 3.42604640 0.13973000 
2 4.74411523 0.13989700 
3 5.95490995 0.14016881 
4 6.98713775 0.13985319 
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Appendix C.2: Interaction Effects 
• Chop final pH 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 5.62256136       0.02243097       
20% CO2:80% N2 No O2 5.59548282       0.02269742       
20% CO2:80% N2 High O2 5.55898925       0.02226196       
20% CO2:80% N2 Overwrap 5.73378885       0.02514138       
80% CO2:20% CO Vacuum 5.66198925       0.02226196       
80% CO2:20% CO No O2 5.66468323       0.02229347       
80% CO2:20% CO High O2 5.61384504       0.02206028       
80% CO2:20% CO Overwrap 5.74825533       0.02216017       
100% CO2 Vacuum 5.69570083       0.02204409       
100% CO2 No O2 5.71752615       0.02204866       
100% CO2 High O2 5.73741241       0.02256521       
100% CO2 Overwrap 5.95182270       0.02361082       
No Gas Vacuum 5.73068323       0.02229347       
No Gas No O2 5.71447808       0.02208813       
No Gas High O2 5.71233387       0.02232924       
No Gas Overwrap 5.91844761       0.02203005       
 
• Chop percent drip loss 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 22.9802075        1.1615249           
20% CO2:80% N2 No O2 10.7549632        1.1753224       
20% CO2:80% N2 High O2 8.9296348        1.1527730       
20% CO2:80% N2 Overwrap 8.2506910        1.3018759       
80% CO2:20% CO Vacuum 19.2640272        1.1527730       
80% CO2:20% CO No O2 3.6537948        1.1544049       
80% CO2:20% CO High O2 3.2645656        1.1423298       
80% CO2:20% CO Overwrap 4.3086199        1.1475021       
100% CO2 Vacuum 17.9287321        1.1414915       
100% CO2 No O2 3.7051729        1.1417282       
100% CO2 High O2 5.7773434        1.1684759       
100% CO2 Overwrap 7.8609661        1.2226203       
No Gas Vacuum 18.6937688        1.1544049       
No Gas No O2 4.2423700        1.1437720       
No Gas High O2 5.7182283        1.1562570       
No Gas Overwrap 7.7668995        1.1407646       
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• Chop percent cook loss 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 21.1558989 1.6336512 
20% CO2:80% N2 No O2 23.4542685 1.6530570 
20% CO2:80% N2 High O2 30.2099929 1.6213420 
20% CO2:80% N2 Overwrap 23.9291286 1.8310508 
80% CO2:20% CO Vacuum 21.4076882 1.6213420 
80% CO2:20% CO No O2 22.0199875 1.6236371 
80% CO2:20% CO High O2 23.3209486 1.6066539 
80% CO2:20% CO Overwrap 21.7976397 1.6139286 
100% CO2 Vacuum 19.4830030 1.6054749 
100% CO2 No O2 22.3933586 1.6058077 
100% CO2 High O2 25.2939824 1.6434276 
100% CO2 Overwrap 22.9939546 1.7195801 
No Gas Vacuum 20.6137280 1.6236371 
No Gas No O2 19.8495683 1.6086823 
No Gas High O2 21.2233911 1.6262422 
No Gas Overwrap 18.5508365 1.6044524 
 
• Chop initial L* value 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 53.0130302        1.7036171 
20% CO2:80% N2 No O2 53.7464467        1.7238540       
20% CO2:80% N2 High O2 52.0559925        1.6907807       
20% CO2:80% N2 Overwrap 53.1492867        1.9094709       
80% CO2:20% CO Vacuum 53.1776591        1.6907807       
80% CO2:20% CO No O2 49.3698191        1.6931741       
80% CO2:20% CO High O2 48.1475836        1.6754635       
80% CO2:20% CO Overwrap 49.9241902        1.6830498       
100% CO2 Vacuum 48.2985082        1.6742340       
100% CO2 No O2 48.2026521        1.6745811       
100% CO2 High O2 49.2923572        1.7138121       
100% CO2 Overwrap 52.3022971        1.7932262       
No Gas Vacuum 50.1558191        1.6931741       
No Gas No O2 47.8188492        1.6775788       
No Gas High O2 52.5984404        1.6958907       
No Gas Overwrap 48.5947353        1.6731678       
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• Chop initial a* value 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 2.93213009       0.57451850       
20% CO2:80% N2 No O2 3.53572448       0.58134311       
20% CO2:80% N2 High O2 2.83200741       0.57018963       
20% CO2:80% N2 Overwrap 3.32330653       0.64393953       
80% CO2:20% CO Vacuum 4.53100741       0.57018963       
80% CO2:20% CO No O2 3.93675870       0.57099679       
80% CO2:20% CO High O2 2.58142871       0.56502415       
80% CO2:20% CO Overwrap 3.59254805       0.56758251       
100% CO2 Vacuum 1.81818334       0.56460954       
100% CO2 No O2 1.36628082       0.56472658       
100% CO2 High O2 1.95302593       0.57795664       
100% CO2 Overwrap 2.54014528       0.60473779       
No Gas Vacuum 1.78442537       0.57099679       
No Gas No O2 0.91486569       0.56573750       
No Gas High O2 2.57728699       0.57191292       
No Gas Overwrap 1.18120854       0.56424996       
 
• Chop initial b* values 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 12.7515573        0.8316830       
20% CO2:80% N2 No O2 13.3857111        0.8415624       
20% CO2:80% N2 High O2 12.3390072        0.8254165       
20% CO2:80% N2 Overwrap 13.3010207        0.9321781       
80% CO2:20% CO Vacuum 12.5516739        0.8254165       
80% CO2:20% CO No O2 11.0853643        0.8265849       
80% CO2:20% CO High O2 9.9279071        0.8179388       
80% CO2:20% CO Overwrap 11.2942477        0.8216424       
100% CO2 Vacuum 11.1314737        0.8173386       
100% CO2 No O2 10.5036718        0.8175081       
100% CO2 High O2 11.3159401        0.8366601       
100% CO2 Overwrap 12.0556140        0.8754290       
No Gas Vacuum 10.9603643        0.8265849       
No Gas No O2 9.4388607        0.8189715       
No Gas High O2 12.4380939        0.8279111       
No Gas Overwrap 10.1694923        0.8168181       
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• Chop initial Chroma 
      
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 13.1719505        0.9340076       
20% CO2:80% N2 No O2 13.9230078        0.9451025       
20% CO2:80% N2 High O2 12.7658145        0.9269700       
20% CO2:80% N2 Overwrap 13.8793422        1.0468669       
80% CO2:20% CO Vacuum 13.3853279        0.9269700       
80% CO2:20% CO No O2 11.8163856        0.9282822       
80% CO2:20% CO High O2 10.2910940        0.9185724       
80% CO2:20% CO Overwrap 11.8749695        0.9227316       
100% CO2 Vacuum 11.3452725        0.9178983       
100% CO2 No O2 10.6581766        0.9180886       
100% CO2 High O2 11.5503332        0.9395970       
100% CO2 Overwrap 12.3837035        0.9831357       
No Gas Vacuum 11.2304776        0.9282822       
No Gas No O2 9.5793524        0.9197321       
No Gas High O2 12.7889616        0.9297716       
No Gas Overwrap 10.3206833        0.9173138       
 
• Chop initial Hue angle 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 1.37655315       0.03073219       
20% CO2:80% N2 No O2 1.34063388       0.03109725       
20% CO2:80% N2 High O2 1.36991844       0.03050063       
20% CO2:80% N2 Overwrap 1.37554127       0.03444567       
80% CO2:20% CO Vacuum 1.24455364       0.03050063       
80% CO2:20% CO No O2 1.24120507       0.03054381       
80% CO2:20% CO High O2 1.30846606       0.03022432       
80% CO2:20% CO Overwrap 1.26644900       0.03036117       
100% CO2 Vacuum 1.42297971       0.03020214       
100% CO2 No O2 1.45510120       0.03020840       
100% CO2 High O2 1.42871785       0.03091611       
100% CO2 Overwrap 1.37306046       0.03234868       
No Gas Vacuum 1.45342883       0.03054381       
No Gas No O2 1.51393717       0.03026248       
No Gas High O2 1.39275491       0.03059281       
No Gas Overwrap 1.48139648       0.03018291       
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• Chop final a* value 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 0.80928593      0.38755751       
20% CO2:80% N2 No O2 1.41898586      0.39216123       
20% CO2:80% N2 High O2 1.42737993      0.38463735       
20% CO2:80% N2 Overwrap 1.26374001      0.43438740       
80% CO2:20% CO Vacuum 2.07171326      0.38463735       
80% CO2:20% CO No O2 2.21529243      0.38518184       
80% CO2:20% CO High O2 0.13890126      0.38115283       
80% CO2:20% CO Overwrap 1.20286510      0.38287864       
100% CO2 Vacuum 0.51942259      0.38087314       
100% CO2 No O2 0.91602562      0.38095209       
100% CO2 High O2 1.46713191      0.38987680       
100% CO2 Overwrap 1.42109576      0.40794277       
No Gas Vacuum -0.0747075      0.38518184       
No Gas No O2 0.30531051     0.38163404      
No Gas High O2 1.61383184     0.38579984      
No Gas Overwrap 0.11605888     0.38063057      
 
• Chop final b* value 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 11.4147624 0.6561440 
20% CO2:80% N2 No O2 12.8238481        0.6639382       
20% CO2:80% N2 High O2 13.3339347        0.6512001       
20% CO2:80% N2 Overwrap 12.6537926        0.7354281       
80% CO2:20% CO Vacuum 11.9209347        0.6512001       
80% CO2:20% CO No O2 11.3273235        0.6521219       
80% CO2:20% CO High O2 10.8272793        0.6453007       
80% CO2:20% CO Overwrap 11.1081512        0.6482226       
100% CO2 Vacuum 10.9329572        0.6448272       
100% CO2 No O2 11.6268282        0.6449609       
100% CO2 High O2 11.1966464        0.6600706       
100% CO2 Overwrap 13.4628516        0.6906567       
No Gas Vacuum  9.9746568        0.6521219       
No Gas No O2 10.0120542        0.6461154       
No Gas High O2 12.0913988        0.6531682       
No Gas Overwrap 11.1972472        0.6444165       
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• Chop final Chroma 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 11.5243604        0.6794463       
20% CO2:80% N2 No O2 13.0197770        0.6875173       
20% CO2:80% N2 High O2 13.5638464        0.6743268       
20% CO2:80% N2 Overwrap 12.8787348        0.7615461       
80% CO2:20% CO Vacuum 12.1929556        0.6743268       
80% CO2:20% CO No O2 11.5889168        0.6752814       
80% CO2:20% CO High O2 11.0161012        0.6682179       
80% CO2:20% CO Overwrap 11.2543579        0.6712435       
100% CO2 Vacuum 10.9977745        0.6677276       
100% CO2 No O2 11.6800923        0.6678660       
100% CO2 High O2 11.3157271        0.6835123       
100% CO2 Overwrap 13.5241174        0.7151847       
No Gas Vacuum 10.1289494        0.6752814       
No Gas No O2 10.1290236        0.6690615       
No Gas High O2 12.2836707        0.6763648       
No Gas Overwrap 11.2501533        0.6673023       
 
• Chop final Hue angle 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 1.52060888       0.02891362       
20% CO2:80% N2 No O2 1.49214674 0.02925708       
20% CO2:80% N2 High O2 1.48230609       0.02869576       
20% CO2:80% N2 Overwrap 1.51114962       0.03240735       
80% CO2:20% CO Vacuum 1.39935611       0.02869576       
80% CO2:20% CO No O2 1.38646167       0.02873639       
80% CO2:20% CO High O2 1.58825058       0.02843580       
80% CO2:20% CO Overwrap 1.48067614       0.02856456       
100% CO2 Vacuum 1.52972784       0.02841494       
100% CO2 No O2 1.49474065       0.02842083       
100% CO2 High O2 1.45751048       0.02908665       
100% CO2 Overwrap 1.46106879       0.03043446       
No Gas Vacuum 1.62024498       0.02873639       
No Gas No O2 1.59277231       0.02847170       
No Gas High O2 1.44987959       0.02878249       
No Gas Overwrap 1.56902740       0.02839684       
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• Chop Shear Force 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 1922.67997        148.98895       
20% CO2:80% N2 No O2 1913.91609        150.75876       
20% CO2:80% N2 High O2 2315.81406        147.86635       
20% CO2:80% N2 Overwrap 1856.23711        166.99179       
80% CO2:20% CO Vacuum 2112.64739        147.86635       
80% CO2:20% CO No O2 2013.69304        148.07566       
80% CO2:20% CO High O2 1864.98222        146.52679       
80% CO2:20% CO Overwrap 1671.45896        147.19025       
100% CO2 Vacuum 2062.61705        146.41927       
100% CO2 No O2 1965.26529        146.44962       
100% CO2 High O2 2105.75339        149.88055       
100% CO2 Overwrap 2212.76346        156.82566       
No Gas Vacuum 2313.75971        148.07566       
No Gas No O2 1780.15467        146.71178       
No Gas High O2 2049.32284        148.31324       
No Gas Overwrap 1805.86807        146.32602       
 
• Chop total aerobic count (log CFU/g) 
 
Injection Treatment Packaging Type Least Square Means Standard Error 
20% CO2:80% N2 Vacuum 4.47939315       0.25452397       
20% CO2:80% N2 No O2 5.07647649       0.25754742       
20% CO2:80% N2 High O2 4.04958361       0.25260619       
20% CO2:80% N2 Overwrap 6.31597351       0.28527897       
80% CO2:20% CO Vacuum 4.27626460       0.25260619       
80% CO2:20% CO No O2 4.28908702       0.25296378       
80% CO2:20% CO High O2 3.88984745       0.25031777       
80% CO2:20% CO Overwrap 5.76753121       0.25145118       
100% CO2 Vacuum 4.91134997       0.25013409       
100% CO2 No O2 4.86648952       0.25018594       
100% CO2 High O2 4.72873703       0.25604714       
100% CO2 Overwrap 5.98536892       0.26791176       
No Gas Vacuum 4.95308616       0.25296378       
No Gas No O2 4.64344738       0.25063380       
No Gas High O2 3.98142972       0.25336964       
No Gas Overwrap 5.74816113       0.24997479       
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• Chop final pH 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 5.52386502 0.02569590 
20% CO2:80% N2 1 5.57987466 0.02494301 
20% CO2:80% N2 2 5.66485858 0.02642704 
20% CO2:80% N2 3 5.51868475 0.02509070 
20% CO2:80% N2 4 5.85124484 0.02526580 
80% CO2:20% CO 0 5.56769118 0.02475907 
80% CO2:20% CO 1 5.64203614 0.02471926 
80% CO2:20% CO 2 5.67980865 0.02529440 
80% CO2:20% CO 3 5.62116275 0.02467735 
80% CO2:20% CO 4 5.85026735 0.02473045 
100% CO2 0 5.67727056 0.02485811 
100% CO2 1 5.69377700 0.02526266 
100% CO2 2 5.74659944 0.02469671 
100% CO2 3 5.78599856 0.02550031 
100% CO2 4 5.97443204 0.02517195 
No Gas 0 5.67461230 0.02477240 
No Gas 1 5.74641918 0.02463810 
No Gas 2 5.72498891 0.02483940 
No Gas 3 5.75558387 0.02489789 
No Gas 4 5.94332422 0.02462977 
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• Chop percent drip loss 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 26.3674307 1.8714365 
20% CO2:80% N2 1 27.6171945 1.8166037 
20% CO2:80% N2 2 25.6005840 1.9246859 
20% CO2:80% N2 3 23.0819584 1.8273600 
20% CO2:80% N2 4 20.7694435 1.8401124 
80% CO2:20% CO 0 21.4449896 1.8032067 
80% CO2:20% CO 1 24.8111386 1.8003079 
80% CO2:20% CO 2 21.5672117 1.8421950 
80% CO2:20% CO 3 24.7549392 1.7972552 
80% CO2:20% CO 4 18.1045508 1.8011229 
100% CO2 0 22.5988317 1.8104203 
100% CO2 1 26.8322668 1.8398838 
100% CO2 2 22.3205374 1.7986653 
100% CO2 3 20.2554360 1.8571919 
100% CO2 4 20.6983013 1.8332768 
No Gas 0 18.4715896 1.8041778 
No Gas 1 7.5259103 1.2758148 
No Gas 2 9.7417363 1.2862384 
No Gas 3 9.8991805 1.2892674 
No Gas 4 12.4908967 1.2753833 
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• Chop percent cook loss 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 26.3674307 1.8714365 
20% CO2:80% N2 1 27.6171945 1.8166037 
20% CO2:80% N2 2 25.6005840 1.9246859 
20% CO2:80% N2 3 23.0819584 1.8273600 
20% CO2:80% N2 4 20.7694435 1.8401124 
80% CO2:20% CO 0 21.4449896 1.8032067 
80% CO2:20% CO 1 24.8111386 1.8003079 
80% CO2:20% CO 2 21.5672117 1.8421950 
80% CO2:20% CO 3 24.7549392 1.7972552 
80% CO2:20% CO 4 18.1045508 1.8011229 
100% CO2 0 22.5988317 1.8104203 
100% CO2 1 26.8322668 1.8398838 
100% CO2 2 22.3205374 1.7986653 
100% CO2 3 20.2554360 1.8571919 
100% CO2 4 20.6983013 1.8332768 
No Gas 0 18.4715896 1.8041778 
No Gas 1 25.3270951 1.7943967 
No Gas 2 20.5676194 1.8090572 
No Gas 3 18.7097556 1.8133174 
No Gas 4 17.2208452 1.7937898 
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• Chop initial L* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 50.4517381 1.9515862 
20% CO2:80% N2 1 54.1335568 1.8944051 
20% CO2:80% N2 2 52.5780257 2.0071162 
20% CO2:80% N2 3 55.2087271 1.9056220 
20% CO2:80% N2 4 52.5838974 1.9189206 
80% CO2:20% CO 0 51.8703562 1.8804343 
80% CO2:20% CO 1 51.1283960 1.8774114 
80% CO2:20% CO 2 50.1401395 1.9210924 
80% CO2:20% CO 3 51.2836991 1.8742279 
80% CO2:20% CO 4 46.3514743 1.8782612 
100% CO2 0 48.6324971 1.8879568 
100% CO2 1 49.5453762 1.9186821 
100% CO2 2 49.1295892 1.8756984 
100% CO2 3 47.1008025 1.9367316 
100% CO2 4 53.2115031 1.9117922 
No Gas 0 49.5232641 1.8814469 
No Gas 1 51.9061616 1.8712469 
No Gas 2 49.1785672 1.8865354 
No Gas 3 47.6945237 1.8909780 
No Gas 4 50.6572884 1.8706141 
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• Chop initial a* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 1.9854494 0.6581423 
20% CO2:80% N2 1 3.9346238 0.6388588 
20% CO2:80% N2 2 3.0005832 0.6768689 
20% CO2:80% N2 3 3.4647260 0.6426415 
20% CO2:80% N2 4 3.3935783 0.6471263 
80% CO2:20% CO 0 3.7916756 0.6341474 
80% CO2:20% CO 1 4.1391245 0.6331280 
80% CO2:20% CO 2 3.7413647 0.6478587 
80% CO2:20% CO 3 3.8408619 0.6320544 
80% CO2:20% CO 4 2.7891518 0.6334145 
100% CO2 0 1.6097100 0.6366842 
100% CO2 1 1.7741596 0.6470459 
100% CO2 2 1.9468682 0.6325503 
100% CO2 3 1.3775125 0.6531328 
100% CO2 4 2.8887940 0.6447224 
No Gas 0 1.5024341 0.6344889 
No Gas 1 2.4907282 0.6310491 
No Gas 2 1.4595881 0.6362049 
No Gas 3 0.7674537 0.6377031 
No Gas 4 1.8520293 0.6308357 
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• Chop initial b* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 11.4358584 0.9527382 
20% CO2:80% N2 1 13.9272193 0.9248232 
20% CO2:80% N2 2 12.4348123 0.9798472 
20% CO2:80% N2 3 13.7215666 0.9302991 
20% CO2:80% N2 4 13.2021639 0.9367913 
80% CO2:20% CO 0 11.9117794 0.9180028 
80% CO2:20% CO 1 11.8958558 0.9165271 
80% CO2:20% CO 2 11.3180590 0.9378516 
80% CO2:20% CO 3 11.5139298 0.9149730 
80% CO2:20% CO 4 9.4343671 0.9169420 
100% CO2 0 10.9880152 0.9216752 
100% CO2 1 10.9011447 0.9366749 
100% CO2 2 11.1909345 0.9156908 
100% CO2 3 10.3866284 0.9454864 
100% CO2 4 12.7916517 0.9333114 
No Gas 0 10.7692768 0.9184972 
No Gas 1 12.0678927 0.9135177 
No Gas 2 10.3936009 0.9209813 
No Gas 3 9.4080939 0.9231501 
No Gas 4 11.1196496 0.9132087 
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• Chop initial Chroma 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 11.6867466 1.0699566 
20% CO2:80% N2 1 14.5916492 1.0386070 
20% CO2:80% N2 2 12.9069410 1.1004009 
20% CO2:80% N2 3 14.2901600 1.0447567 
20% CO2:80% N2 4 13.6996470 1.0520477 
80% CO2:20% CO 0 12.5547417 1.0309476 
80% CO2:20% CO 1 12.6296351 1.0292903 
80% CO2:20% CO 2 11.9577199 1.0532384 
80% CO2:20% CO 3 12.1972790 1.0275449 
80% CO2:20% CO 4 9.8703457 1.0297562 
100% CO2 0 11.1452094 1.0350718 
100% CO2 1 11.1038585 1.0519169 
100% CO2 2 11.4521413 1.0283511 
100% CO2 3 10.5273648 1.0618126 
100% CO2 4 13.1932833 1.0481396 
No Gas 0 10.9688896 1.0315028 
No Gas 1 12.4438902 1.0259106 
No Gas 2 10.5992202 1.0342925 
No Gas 3 9.5154139 1.0367282 
No Gas 4 11.3719297 1.0255637 
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• Chop initial Hue angle 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 1.4170587 0.0352054 
20% CO2:80% N2 1 1.3305518 0.0341739 
20% CO2:80% N2 2 1.3752159 0.0362071 
20% CO2:80% N2 3 1.3637101 0.0343762 
20% CO2:80% N2 4 1.3417719 0.0346161 
80% CO2:20% CO 0 1.2820017 0.0339219 
80% CO2:20% CO 1 1.2386478 0.0338673 
80% CO2:20% CO 2 1.2549435 0.0346553 
80% CO2:20% CO 3 1.2734866 0.0338099 
80% CO2:20% CO 4 1.2767626 0.0338827 
100% CO2 0 1.4371146 0.0340576 
100% CO2 1 1.4087861 0.0346118 
100% CO2 2 1.4293187 0.0338364 
100% CO2 3 1.4608955 0.0349374 
100% CO2 4 1.3637091 0.0344875 
No Gas 0 1.4625755 0.0339401 
No Gas 1 1.4127719 0.0337561 
No Gas 2 1.4714710 0.0340319 
No Gas 3 1.5139960 0.0341121 
No Gas 4 1.4410824 0.0337447 
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• Chop final L* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 54.858222 1.666126 
20% CO2:80% N2 1 58.444864 1.617308 
20% CO2:80% N2 2 56.243655 1.713533 
20% CO2:80% N2 3 62.053100 1.626885 
20% CO2:80% N2 4 56.920918 1.638238 
80% CO2:20% CO 0 54.071833 1.605381 
80% CO2:20% CO 1 54.142507 1.602800 
80% CO2:20% CO 2 52.819117 1.640092 
80% CO2:20% CO 3 59.111462 1.600083 
80% CO2:20% CO 4 53.504611 1.603526 
100% CO2 0 51.381270 1.611803 
100% CO2 1 54.970837 1.638034 
100% CO2 2 53.779485 1.601338 
100% CO2 3 54.335049 1.653444 
100% CO2 4 56.073496 1.632152 
No Gas 0 52.923619 1.606246 
No Gas 1 55.596029 1.597538 
No Gas 2 54.051323 1.610590 
No Gas 3 53.269914 1.614383 
No Gas 4 53.718688 1.596997 
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• Chop final a* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 0.63678575 0.44396824 
20% CO2:80% N2 1 2.26321019 0.43096005 
20% CO2:80% N2 2 1.36722501 0.45660081 
20% CO2:80% N2 3 1.14910408 0.43351180 
20% CO2:80% N2 4 0.73291463 0.43653712 
80% CO2:20% CO 0 2.84408148 0.42778183 
80% CO2:20% CO 1 1.82425954 0.42709414 
80% CO2:20% CO 2 1.31438878 0.43703118 
80% CO2:20% CO 3 0.68977472 0.42636994 
80% CO2:20% CO 4 0.36346055 0.42728747 
100% CO2 0 0.96615758 0.42949314 
100% CO2 1 1.38196832 0.43648287 
100% CO2 2 0.57910046 0.42670445 
100% CO2 3 1.25516156 0.44058896 
100% CO2 4 1.22220693 0.43491548 
No Gas 0 0.55905527 0.42801220 
No Gas 1 1.46725212 0.42569179 
No Gas 2 0.70165379 0.42916977 
No Gas 3 0.08183184 0.43018043 
No Gas 4 -0.35917593 0.42554783 
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• Chop final b* value 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 10.9854766 0.7516487 
20% CO2:80% N2 1 13.4024398 0.7296255 
20% CO2:80% N2 2 12.3818067 0.7730359 
20% CO2:80% N2 3 12.9467407 0.7339457 
20% CO2:80% N2 4 13.0664582 0.7390676 
80% CO2:20% CO 0 10.8208273 0.7242447 
80% CO2:20% CO 1 11.3215935 0.7230805 
80% CO2:20% CO 2 10.2483966 0.7399041 
80% CO2:20% CO 3 12.4509485 0.7218544 
80% CO2:20% CO 4 11.6378447 0.7234078 
100% CO2 0 10.5778046 0.7271420 
100% CO2 1 12.3431412 0.7389758 
100% CO2 2 11.3025210 0.7224207 
100% CO2 3 11.7015958 0.7459275 
100% CO2 4 13.0990417 0.7363222 
No Gas 0 10.1173609 0.7246347 
No Gas 1 11.6858685 0.7207062 
No Gas 2 10.7696325 0.7265945 
No Gas 3 10.3466488 0.7283056 
No Gas 4 11.1746856 0.7204625 
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• Chop final Chroma 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 11.1230257 0.7783427 
20% CO2:80% N2 1 13.6947354 0.7555374 
20% CO2:80% N2 2 12.6169641 0.8004895 
20% CO2:80% N2 3 13.1122702 0.7600110 
20% CO2:80% N2 4 13.1864029 0.7653149 
80% CO2:20% CO 0 11.2794791 0.7499655 
80% CO2:20% CO 1 11.5317862 0.7487599 
80% CO2:20% CO 2 10.3823604 0.7661810 
80% CO2:20% CO 3 12.5511018 0.7474903 
80% CO2:20% CO 4 11.8206870 0.7490989 
100% CO2 0 10.6586382 0.7529657 
100% CO2 1 12.4263337 0.7652198 
100% CO2 2 11.3512246 0.7480767 
100% CO2 3 11.7698956 0.7724183 
100% CO2 4 13.1910470 0.7624719 
No Gas 0 10.2211700 0.7503694 
No Gas 1 11.8981288 0.7463014 
No Gas 2 10.8901072 0.7523988 
No Gas 3 10.4504296 0.7541706 
No Gas 4 11.2799107 0.7460490 
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• Chop final Hue angle 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 1.53936977 0.03312213 
20% CO2:80% N2 1 1.42762308 0.03215166 
20% CO2:80% N2 2 1.50321385 0.03406458 
20% CO2:80% N2 3 1.51253823 0.03234203 
20% CO2:80% N2 4 1.52501925 0.03256773 
80% CO2:20% CO 0 1.33044785 0.03191455 
80% CO2:20% CO 1 1.42634239 0.03186324 
80% CO2:20% CO 2 1.46771641 0.03260459 
80% CO2:20% CO 3 1.52768722 0.03180921 
80% CO2:20% CO 4 1.56623674 0.03187766 
100% CO2 0 1.48578227 0.03204222 
100% CO2 1 1.45535936 0.03256368 
100% CO2 2 1.52561646 0.03183417 
100% CO2 3 1.46331813 0.03287002 
100% CO2 4 1.49873349 0.03244675 
No Gas 0 1.55522482 0.03193173 
No Gas 1 1.49313354 0.03175862 
No Gas 2 1.53523834 0.03201809 
No Gas 3 1.58199939 0.03209349 
No Gas 4 1.62430927 0.03174788 
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• Chop shear force 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 1831.94528 170.67496 
20% CO2:80% N2 1 2335.64222 165.67421 
20% CO2:80% N2 2 1976.35565 175.53130 
20% CO2:80% N2 3 2015.53048 166.65518 
20% CO2:80% N2 4 1851.33541 167.81821 
80% CO2:20% CO 0 2134.70344 164.45241 
80% CO2:20% CO 1 2128.00931 164.18804 
80% CO2:20% CO 2 1689.76051 168.00814 
80% CO2:20% CO 3 1980.20880 163.90963 
80% CO2:20% CO 4 1645.79495 164.26236 
100% CO2 0 2395.56893 165.11028 
100% CO2 1 2291.53356 167.79735 
100% CO2 2 2082.71322 164.03823 
100% CO2 3 1937.53892 169.37586 
100% CO2 4 1725.64436 167.19480 
No Gas 0 2284.76748 164.54097 
No Gas 1 2122.00677 163.64893 
No Gas 2 1900.00864 164.98597 
No Gas 3 1796.60617 165.37450 
No Gas 4 1832.99256 163.59358 
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• Chop Total aerobic count (log CFU/g) 
 
Injection Treatment Storage Time 
(weeks) 
Least Square Means Standard Error 
20% CO2:80% N2 0 3.42196154 0.29157108 
20% CO2:80% N2 1 3.69249261 0.2830281 
20% CO2:80% N2 2 4.76102031 0.29986737 
20% CO2:80% N2 3 5.9585496 0.28470393 
20% CO2:80% N2 4 7.06775939 0.28669077 
80% CO2:20% CO 0 3.09338879 0.28094084 
80% CO2:20% CO 1 3.29695763 0.28048921 
80% CO2:20% CO 2 4.38616551 0.28701524 
80% CO2:20% CO 3 5.60198629 0.28001359 
80% CO2:20% CO 4 6.39991463 0.28061617 
100% CO2 0 3.18841032 0.28206472 
100% CO2 1 3.30647518 0.28665515 
100% CO2 2 5.22363022 0.28023328 
100% CO2 3 6.26656477 0.28935177 
100% CO2 4 7.6298513 0.28562578 
No Gas 0 3.30018565 0.28109213 
No Gas 1 3.40826018 0.27956823 
No Gas 2 4.60564487 0.28185235 
No Gas 3 5.99253912 0.28251609 
No Gas 4 6.85102567 0.27947368 
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• Chop final pH 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 5.63528935 0.02464824 
Vacuum 1 5.68441596 0.02463198 
Vacuum 2 5.67876092 0.02462824 
Vacuum 3 5.61354257 0.02462860 
Vacuum 4 5.77665953 0.02477392 
High O2 0 5.60844440 0.02466887 
High O2 1 5.66169761 0.02462993 
High O2 2 5.70352056 0.02485811 
High O2 3 5.62570404 0.02470646 
High O2 4 5.76584623 0.02480600 
No O2 0 5.59209623 0.02480600 
No O2 1 5.65076413 0.02465367 
No O2 2 5.66790953 0.02477392 
No O2 3 5.60870083 0.02464248 
No O2 4 5.75875499 0.02617516 
Overwrap 0 5.60760909 0.02467646 
Overwrap 1 5.66522927 0.02462868 
Overwrap 2 5.76606457 0.02482322 
Overwrap 3 5.83348248 0.02464768 
Overwrap 4 6.31800770 0.02465431 
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• Chop final percent drip loss 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 10.95882280 1.27633990 
Vacuum 1 20.06300950 1.27549800 
Vacuum 2 22.45469490 1.27530410 
Vacuum 3 22.04142840 1.27532280 
Vacuum 4 23.06546390 1.28284790 
High O2 0 0.70747480 1.27740810 
High O2 1 6.69182330 1.27539160 
High O2 2 6.21563700 1.28720760 
High O2 3 7.54642810 1.27935490 
High O2 4 6.78401290 1.28450910 
No O2 0 1.69318240 1.28450910 
No O2 1 7.30547570 1.27662110 
No O2 2 6.14190480 1.28284790 
No O2 3 7.20726600 1.27604190 
No O2 4 7.26438620 1.35540700 
Overwrap 0 2.47905260 1.27780140 
Overwrap 1 7.52337480 1.27532700 
Overwrap 2 7.45028940 1.28540090 
Overwrap 3 7.66315900 1.27631070 
Overwrap 4 10.11809470 1.27665440 
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• Chop final cook loss 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 20.00331580 1.79513520 
Vacuum 1 24.92073040 1.79395110 
Vacuum 2 19.13242230 1.79367840 
Vacuum 3 20.05841080 1.79370480 
Vacuum 4 19.21051840 1.80428860 
High O2 0 22.92401260 1.79663760 
High O2 1 25.68196260 1.79380160 
High O2 2 22.74209730 1.81042030 
High O2 3 20.20388110 1.79937570 
High O2 4 18.09452490 1.80662500 
No O2 0 23.53804730 1.80662500 
No O2 1 26.16985630 1.79553070 
No O2 2 25.49377460 1.80428860 
No O2 3 27.88966410 1.79471620 
No O2 4 21.96905150 1.90634090 
Overwrap 0 22.41746590 1.79719090 
Overwrap 1 27.81514570 1.79371070 
Overwrap 2 22.68765830 1.80787930 
Overwrap 3 18.65013320 1.79509420 
Overwrap 4 17.51904610 1.79557760 
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• Chop initial L* value 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 51.84858560 1.87201710 
Vacuum 1 52.76513870 1.87078230 
Vacuum 2 50.47151180 1.87049790 
Vacuum 3 51.25835840 1.87052540 
Vacuum 4 49.46267630 1.88156250 
High O2 0 50.55137910 1.87358390 
High O2 1 50.21406860 1.87062630 
High O2 2 48.62041380 1.88795680 
High O2 3 50.27153100 1.87643920 
High O2 4 49.26481640 1.88399890 
No O2 0 48.81189970 1.88399890 
No O2 1 52.03711800 1.87242950 
No O2 2 49.72059290 1.88156250 
No O2 3 50.63634150 1.87158010 
No O2 4 51.41201490 1.98798550 
Overwrap 0 49.26599120 1.87416080 
Overwrap 1 51.69716520 1.87053150 
Overwrap 2 52.21380310 1.88530700 
Overwrap 3 49.12152140 1.87197430 
Overwrap 4 52.66465560 1.87247840 
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• Chop initial a* value 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 2.99676596 0.63130881 
Vacuum 1 3.23350336 0.63089238 
Vacuum 2 2.34136891 0.63079648 
Vacuum 3 2.77315742 0.63080577 
Vacuum 4 2.48738710 0.63452784 
High O2 0 2.52640041 0.63183718 
High O2 1 3.22029188 0.63083980 
High O2 2 2.20387663 0.63668423 
High O2 3 2.21057480 0.63280011 
High O2 4 2.03089340 0.63534950 
No O2 0 1.74672674 0.63534950 
No O2 1 2.99192704 0.63144790 
No O2 2 2.38322044 0.63452784 
No O2 3 2.23960000 0.63116144 
No O2 4 3.06821209 0.67041734 
Overwrap 0 1.61937592 0.63203174 
Overwrap 1 2.89291372 0.63080783 
Overwrap 2 3.21993822 0.63579063 
Overwrap 3 2.22722185 0.63129438 
Overwrap 4 3.33706078 0.63146438 
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• Chop initial b* value 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 12.20867050 0.91389370 
Vacuum 1 12.78966130 0.91329080 
Vacuum 2 11.24457090 0.91315200 
Vacuum 3 11.92148530 0.91316540 
Vacuum 4 11.07944840 0.91855360 
High O2 0 11.56001080 0.91465850 
High O2 1 11.69657560 0.91321470 
High O2 2 10.34801520 0.92167520 
High O2 3 11.33012180 0.91605250 
High O2 4 10.58228640 0.91974300 
No O2 0 10.57311970 0.91974300 
No O2 1 12.27405240 0.91409500 
No O2 2 11.21944840 0.91855360 
No O2 3 11.12605700 0.91368030 
No O2 4 12.33350790 0.97050790 
Overwrap 0 10.76312870 0.91494020 
Overwrap 1 12.03182330 0.91316840 
Overwrap 2 12.52537210 0.92038160 
Overwrap 3 10.65255470 0.91387280 
Overwrap 4 12.55258950 0.91411890 
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• Chop initial Chroma 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 12.66695040 1.02633280 
Vacuum 1 13.29210630 1.02565590 
Vacuum 2 11.60891100 1.02549990 
Vacuum 3 12.36731060 1.02551500 
Vacuum 4 11.48100730 1.03156610 
High O2 0 11.96716280 1.02719180 
High O2 1 12.26366190 1.02557040 
High O2 2 10.68585500 1.03507180 
High O2 3 11.69060160 1.02875730 
High O2 4 10.86387170 1.03290190 
No O2 0 10.77054500 1.03290190 
No O2 1 12.70410390 1.02655900 
No O2 2 11.55504010 1.03156610 
No O2 3 11.45779340 1.02609330 
No O2 4 12.75777180 1.08991250 
Overwrap 0 10.95092920 1.02750810 
Overwrap 1 12.50916090 1.02551840 
Overwrap 2 13.06621620 1.03361900 
Overwrap 3 11.01451200 1.02630940 
Overwrap 4 13.03255480 1.02658580 
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• Chop initial Hue angle 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 1.35843679 0.03377002 
Vacuum 1 1.34660108 0.03374775 
Vacuum 2 1.40651339 0.03374262 
Vacuum 3 1.37946998 0.03374312 
Vacuum 4 1.38087293 0.03394222 
High O2 0 1.39396572 0.03379829 
High O2 1 1.33651311 0.03374494 
High O2 2 1.38187257 0.03405757 
High O2 3 1.42442240 0.03384980 
High O2 4 1.40182287 0.03398617 
No O2 0 1.41296286 0.03398617 
No O2 1 1.34885021 0.03377746 
No O2 2 1.38764119 0.03394222 
No O2 3 1.40488687 0.03376214 
No O2 4 1.32048045 0.03586202 
Overwrap 0 1.43338506 0.03380870 
Overwrap 1 1.35879325 0.03374323 
Overwrap 2 1.35492198 0.03400977 
Overwrap 3 1.40330888 0.03376925 
Overwrap 4 1.32014985 0.03377835 
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• Chop final L* value 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 54.30083270 1.59819500 
Vacuum 1 54.06853690 1.59714090 
Vacuum 2 52.98087770 1.59689810 
Vacuum 3 57.56665790 1.59692160 
Vacuum 4 53.61605320 1.60634420 
High O2 0 52.25390860 1.59953270 
High O2 1 55.79765050 1.59700770 
High O2 2 52.65835330 1.61180330 
High O2 3 57.61680100 1.60197040 
High O2 4 55.66574270 1.60842430 
No O2 0 53.20657600 1.60842430 
No O2 1 56.91920290 1.59854720 
No O2 2 55.97146980 1.60634420 
No O2 3 58.42597570 1.59782200 
No O2 4 58.69044920 1.69720060 
Overwrap 0 53.47362690 1.60002520 
Overwrap 1 56.36884740 1.59692680 
Overwrap 2 55.28287910 1.60954110 
Overwrap 3 55.16008930 1.59815850 
Overwrap 4 52.24546910 1.59858890 
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• Chop final a* values 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 1.11237324 0.42586699 
Vacuum 1 1.13997176 0.42558608 
Vacuum 2 0.41389981 0.42552139 
Vacuum 3 0.45173694 0.42552765 
Vacuum 4 1.03916102 0.42803848 
High O2 0 0.94344518 0.42622342 
High O2 1 1.76530888 0.42555061 
High O2 2 1.10157425 0.42949314 
High O2 3 1.25320296 0.42687299 
High O2 4 1.00598676 0.42859276 
No O2 0 2.05807009 0.42859276 
No O2 1 2.25284685 0.42596082 
No O2 2 1.16957768 0.42803848 
No O2 3 0.98300592 0.42576758 
No O2 4 -0.65444437 0.45224875 
Overwrap 0 0.89219157 0.42635467 
Overwrap 1 1.77856268 0.42552904 
Overwrap 2 1.27731630 0.42889033 
Overwrap 3 0.48792638 0.42585726 
Overwrap 4 0.56870277 0.42597194 
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• Chop final b* values 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 10.74280350 0.72100290 
Vacuum 1 10.97257520 0.72052730 
Vacuum 2 10.29125810 0.72041770 
Vacuum 3 11.43651350 0.72042830 
Vacuum 4 11.86098860 0.72467920 
High O2 0 9.72370390 0.72160630 
High O2 1 12.52783060 0.72046720 
High O2 2 10.56988800 0.72714200 
High O2 3 12.45775050 0.72270600 
High O2 4 11.95839440 0.72561760 
No O2 0 11.56297770 0.72561760 
No O2 1 12.92371800 0.72116170 
No O2 2 11.42765520 0.72467920 
No O2 3 11.79112390 0.72083460 
No O2 4 11.60609900 0.76566780 
Overwrap 0 10.47198430 0.72182850 
Overwrap 1 12.32891930 0.72043070 
Overwrap 2 12.41355570 0.72612140 
Overwrap 3 11.76054590 0.72098640 
Overwrap 4 13.55254810 0.72118050 
 125
 
• Chop final Chroma 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 10.90186220 0.74660850 
Vacuum 1 11.13002660 0.74611610 
Vacuum 2 10.45222050 0.74600260 
Vacuum 3 11.55188180 0.74601360 
Vacuum 4 12.01905890 0.75041550 
High O2 0 10.01357500 0.74723340 
High O2 1 12.75000790 0.74605390 
High O2 2 10.64868090 0.75296570 
High O2 3 12.54606260 0.74837220 
High O2 4 12.06393580 0.75138720 
No O2 0 11.80368110 0.75138720 
No O2 1 13.15336790 0.74677300 
No O2 2 11.56659340 0.75041550 
No O2 3 11.94963660 0.74643430 
No O2 4 11.75090280 0.79285970 
Overwrap 0 10.56319460 0.74746350 
Overwrap 1 12.51758180 0.74601610 
Overwrap 2 12.57316160 0.75190890 
Overwrap 3 11.83611620 0.74659150 
Overwrap 4 13.64415000 0.74679250 
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• Chop final Hue angle 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 1.48701416 0.03177169
Vacuum 1 1.48607781 0.03175073
Vacuum 2 1.55617601 0.03174591
Vacuum 3 1.55172567 0.03174637
Vacuum 4 1.50642861 0.03193369
High O2 0 1.51965658 0.03179828
High O2 1 1.46115211 0.03174809
High O2 2 1.48524441 0.03204222
High O2 3 1.48446254 0.03184674
High O2 4 1.50713607 0.03197504
No O2 0 1.40768093 0.03197504
No O2 1 1.41185988 0.03177869
No O2 2 1.49061843 0.03193369
No O2 3 1.50497545 0.03176427
No O2 4 1.65729873 0.03373989
Overwrap 0 1.49647303 0.03180807
Overwrap 1 1.44336856 0.03174648
Overwrap 2 1.49974620 0.03199725
Overwrap 3 1.54437932 0.03177096
Overwrap 4 1.54343533 0.03177952
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• Chop shear force 
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 2259.49163000 163.71628000 
Vacuum 1 2298.10778000 163.60829000 
Vacuum 2 1882.83032000 163.58342000 
Vacuum 3 2103.05727000 163.58583000 
Vacuum 4 1971.14316000 164.55107000 
High O2 0 2113.47743000 163.85331000 
High O2 1 2131.62641000 163.59465000 
High O2 2 1699.40226000 165.11028000 
High O2 3 1929.42437000 164.10302000 
High O2 4 1717.35591000 164.76415000 
No O2 0 2164.02258000 164.76415000 
No O2 1 2337.52097000 163.75235000 
No O2 2 2071.68482000 164.55107000 
No O2 3 2072.31705000 163.67807000 
No O2 4 1774.29521000 173.85824000 
Overwrap 0 2109.99350000 163.90376000 
Overwrap 1 2109.93670000 163.58636000 
Overwrap 2 1994.92062000 164.87855000 
Overwrap 3 1625.08568000 163.71254000 
Overwrap 4 1592.97300000 163.75663000 
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• Chops total aerobic count (log CFU/g)  
 
Packaging Type Storage Time 
(weeks) 
Least Square Means Standard Error 
Vacuum 0 3.34400262 0.27968329 
Vacuum 1 3.36371021 0.27949880 
Vacuum 2 4.41833833 0.27945632 
Vacuum 3 5.94499984 0.27946043 
Vacuum 4 6.20406636 0.28110939 
High O2 0 3.31171259 0.27991737 
High O2 1 3.33157153 0.27947551 
High O2 2 4.18655075 0.28206472 
High O2 3 5.58886085 0.28034397 
High O2 4 7.17567980 0.28147340 
No O2 0 3.16306372 0.28147340 
No O2 1 3.23354928 0.27974491 
No O2 2 4.16748624 0.28110939 
No O2 3 4.74380223 0.27961800 
No O2 4 5.50409579 0.29700921 
Overwrap 0 3.18516739 0.28000356 
Overwrap 1 3.77535459 0.27946135 
Overwrap 2 6.20408558 0.28166883 
Overwrap 3 7.54197687 0.27967690 
Overwrap 4 9.06470903 0.27975221 
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APPENDIX D: ANOVA, LEAST SQUARE MEANS AND STANDARD 
ERROR FOR LOIN DEPENDABLE VARIABLES 
• Loin percent pump 
 
                                    Sum of 
Source DF Squares MeanSquare F Value  Pr > F 
Model   4     22.7299024    5.68247562  0.71     0.6378 
Rep   1     16.4858592    16.4858592  2.05     0.2473 
Injtrt   3      6.24404322     2.08134774     0.26     0.8516 
Error   3     24.0839132    8.02797108 
Corrected Total         7     46.8138157 
 
               R-Square     Coeff Var      Root MSE    Pump Mean 
               0.485538      2.461393      2.833367      115.1123 
 
• Loin initial weight 
Sum of 
Source                      DF      Squares     Mean Square  F Value    Pr > F 
Model                        4      5.2605500 1.31513750   2.34     0.2557 
Rep                          1      4.6360125      4.63601250    8.24     0.0640 
Injtrt                       3      0.6245375      0.20817917    0.37     0.7821 
Error                        3      1.6879375  0.56264583 
Corrected Total   7      6.9484875 
 
               R-Square     Coeff Var      Root MSE    Initial weight Mean 
               0.757078      10.67184      0.750097      7.028750 
 
• Loin initial pH 
                                        Sum of 
Source                      DF       Squares     Mean Square F Value    Pr > F 
Model                  4      0.0185625      0.00464063     1.24     0.4486 
Rep                       1      0.0038281      0.00382812     1.02     0.3869 
Injtrt                     3      0.0147343      0.00491146     1.31     0.4151 
Error                    3      0.0112593      0.00375313 
Corrected Total  7      0.0298218 
 
             R-Square     Coeff Var      Root MSE    Initial pH Mean 
             0.622446      1.090206      0.061263         5.619375 
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• Loin initial L* values 
                                     Sum of 
Source                      DF     Squares Mean Square F Value Pr > F 
Model                        4     15.5919597     3.89798993 0.14     0.9543 
Rep                          1      2.83021701     2.83021701     0.10     0.7680 
Injtrt                       3     12.7617427     4.25391424     0.16     0.9189 
Error                        3     81.4406038     27.1468679 
Corrected Total           7     97.0325635 
 
             R-Square     Coeff Var      Root MSE    Initial L* Mean 
             0.160688      9.148541      5.210266         56.95188 
 
• Loin initial a* values 
                         Sum of 
Source                      DF      Squares   Mean Square  F Value  Pr > F 
Model                        4     37.8706763     9.46766910     1.76     0.3351 
Rep                          1      4.41787812     4.41787812     0.82     0.4316 
Injtrt                       3     33.4527982   11.1509327 2.07     0.2823 
Error                        3     16.1367621 5.37892072 
Corrected Total           7     54.0074385 
 
             R-Square     Coeff Var      Root MSE    Initial a* Mean 
             0.701212      42.93086      2.319250         5.402292 
 
• Loin initial b* values 
                                      Sum of 
Source                    DF       Squares     Mean Square F Value Pr > F 
Model                        4      4.83326944     1.20831736    0.48     0.7529 
Rep                          1      1.12000556     1.12000556     0.45     0.5512 
Injtrt                       3      3.71326389     1.23775463     0.50     0.7108 
Error                        3      7.49851389     2.49950463 
Corrected Total           7     12.3317833 
 
             R-Square     Coeff Var      Root MSE    Initial b* Mean 
             0.391936      10.22958      1.580982         15.45500 
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• Loin initial Chroma 
Sum of 
Source                      DF       Squares     Mean Square  F Value    Pr > F 
Model                        4     17.2665958     4.31664896     0.96     0.5363 
Rep                          1      1.78666880     1.78666880     0.40     0.5738 
Injtrt                       3     15.4799270     5.15997568     1.14     0.4574 
Error                        3     13.5366395     4.51221318 
Corrected Total       7     30.8032353 
 
             R-Square     Coeff Var      Root MSE    Initial Chroma Mean 
             0.560545      12.77378      2.124197         16.62935 
 
• Loin initial Hue angle 
                                        Sum of 
Source                      DF       Squares     Mean Square  F Value  Pr > F 
Model                        4     301.116446     75.2791116    2.03     0.2940 
Rep                          1      62.0457283     62.0457283    1.67     0.2867 
Injtrt                       3     239.070718     79.6902394    2.15     0.2734 
Error                        3     111.419360     37.1397867 
Corrected Total       7     412.535806 
 
             R-Square     Coeff Var      Root MSE    Initial Hue angle Mean 
             0.729916      8.423195      6.094242         72.35072 
 
• Loin final L* values 
                                        Sum of 
Source                      DF     Squares     Mean Square  F Value  Pr > F 
Model                        4     48.0181528    12.0045382 0.65     0.6667 
Rep                          1      0.87781250    0.87781250     0.05     0.8418 
Injtrt                       3     47.1403402     15.7134467     0.85     0.5528 
Error                        3      55.6771403     18.5590468 
Corrected Total           7     103.695293 
 
             R-Square     Coeff Var      Root MSE    Final L* Mean 
             0.463070      7.848522      4.308021         54.88958 
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• Loin final a* values 
                                        Sum of 
Source                   DF       Squares     Mean Square F Value    Pr > F 
Model                        4      7.58432639     1.89608160     0.65     0.6634 
Rep                          1      2.73195313     2.73195313     0.94     0.4034 
Injtrt                       3      4.85237326     1.61745775     0.56     0.6783 
Error                        3      8.70115382     2.90038461 
Corrected Total           7     16.2854802 
 
             R-Square     Coeff Var      Root MSE    Loin a* Mean 
             0.465711      29.37245      1.703052         5.798125 
 
• Loin final b* values 
                                        Sum of 
Source                      DF     Squares     Mean Square  F Value  Pr > F 
Model                        4      7.28555000     1.82138750     0.38     0.8158 
Rep                          1      1.80183472     1.80183472     0.37     0.5849 
Injtrt                       3      5.48371528     1.82790509     0.38     0.7775 
Error                        3     14.5242486     4.84141620 
Corrected Total           7     21.8097986 
 
             R-Square     Coeff Var      Root MSE    Loin b* Mean 
             0.334049      14.11933      2.200322         15.58375 
 
• Loin final Chroma 
                                        Sum of 
Source                    DF       Squares    Mean Square   F Value   Pr > F 
Model                        4     11.6915878     2.92289697     0.43     0.7862 
Rep                          1      3.35522154     3.35522154     0.49     0.5348 
Injtrt                       3      8.33636635     2.77878878     0.40     0.7615 
Error                        3     20.5979260     6.86597536 
Corrected Total          7     32.2895139 
 
             R-Square     Coeff Var      Root MSE    final Chroma Mean 
             0.362086      15.66901      2.620301         16.72282 
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• Loin final Hue angle 
                                       Sum of 
Source                      DF       Squares     Mean Square  F Value    Pr > F 
Model                        4     38.7961713     9.69904283    0.68     0.6488 
Rep                          1      9.85356772     9.85356772    0.70     0.4656 
Injtrt                       3     28.9426036     9.64753454    0.68     0.6203 
Error                        3     42.5323669    14.1774556 
Corrected Total          7     81.3285383 
 
             R-Square     Coeff Var      Root MSE    Final Hue angle Mean 
             0.477030      5.353748      3.765296         70.33010 
 
• Loin final weight 
                                        Sum of 
Source                      DF      Squares     Mean Square  F Value  Pr > F 
Model                        4      8.08010000     2.02002500     2.22     0.2693 
Rep                          1      7.56605000     7.56605000     8.31     0.0634 
Injtrt                       3      0.51405000     0.17135000     0.19     0.8982 
Error                        3      2.73085000     0.91028333 
Corrected Total           7     10.8109500 
 
               R-Square     Coeff Var      Root MSE     lfwt Mean 
               0.747400      11.77523      0.954088      8.102500 
 
• Loin final pH 
                                        Sum of 
Source                      DF       Squares     Mean Square  F Value    Pr > F 
Model                        4      0.02757500     0.00689375     5.78     0.0905 
Rep                          1      0.00980000     0.00980000     8.22     0.0642 
Injtrt                       3      0.01777500     0.00592500     4.97     0.1103 
Error                        3      0.00357500     0.00119167 
Corrected Total           7      0.03115000 
 
              R-Square     Coeff Var      Root MSE    lfpHavg Mean 
              0.885233      0.592881      0.034521        5.822500 
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• Loin pump percent 
 
Rep Least Square Means Standard Error 
1 116.547859 1.416684 
2 113.676809 1.416684 
 
• Loin initial weight 
 
Rep Least Square Means Standard Error 
1 7.79 0.37504861 
2 6.2675 0.37504861 
 
• Loin initial pH 
 
Rep Least Square Means Standard Error 
1 5.5975 0.03063138 
2 5.64125 0.03063138 
 
• Loin initial L* values 
 
Rep Least Square Means Standard Error 
1 56.3570833 2.6051328 
2 57.5466667 2.6051328 
 
• Loin initial a* values 
 
Rep Least Square Means Standard Error 
1 4.65916667 1.15962502 
2 6.14541667 1.15962502 
 
• Loin initial b* values 
 
Rep Least Square Means Standard Error 
1 15.0808333 0.7904911 
2 15.8291667 0.7904911 
 
• Loin initial Chroma 
 
Rep Least Square Means Standard Error 
1 16.1567674 1.0620985 
2 17.1019311 1.0620985 
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• Loin initial Hue angle 
 
Rep Least Square Means Standard Error 
1 75.1356294 3.047121 
2 69.5658121 3.047121 
 
• Loin final L* values 
 
Rep Least Square Means Standard Error 
1 54.5583333 2.1540106 
2 55.2208333 2.1540106 
 
• Loin final a* values 
 
Rep Least Square Means Standard Error 
1 5.21375 0.85152578 
2 6.3825 0.85152578 
 
• Loin final b* values 
 
Rep Least Square Means Standard Error 
1 15.1091667 1.1001609 
2 16.0583333 1.1001609 
 
• Loin final Chroma 
 
Rep Least Square Means Standard Error 
1 16.0752039 1.3101503 
2 17.37043 1.3101503 
 
• Loin final Hue angle 
 
Rep Least Square Means Standard Error 
1 71.4399175 1.8826481 
2 69.2202815 1.8826481 
 
• Loin final weight 
 
Rep Least Square Means Standard Error 
1 9.075 0.47704385 
2 7.13 0.47704385 
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• Loin final pH 
 
Rep Least Square Means Standard Error 
1 5.7875 0.01726026 
2 5.8575 0.01726026 
 
• Loin pump percent 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 113.763959 2.003493 
80% CO2:20% CO 115.119283 2.003493 
100% CO2 116.232572 2.003493 
No Gas 115.333522 2.003493 
 
• Loin initial weight 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 7.510 0.53039883 
80% CO2:20% CO 6.915 0.53039883 
100% CO2 6.855 0.53039883 
No Gas 6.835 0.53039883 
 
• Loin initial pH 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 5.6025 0.04331931 
80% CO2:20% CO 5.5575 0.04331931 
100% CO2 5.6675 0.04331931 
No Gas 5.6500 0.04331931 
 
• Loin initial L* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 55.3408333 3.6842142 
80% CO2:20% CO 58.3058333 3.6842142 
100% CO2 58.0600000 3.6842142 
No Gas 56.1008333 3.6842142 
 
• Loin initial a* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 8.87750000 1.63995743 
80% CO2:20% CO 4.31500000 1.63995743 
100% CO2 3.65333333 1.63995743 
No Gas 4.76333333 1.63995743 
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• Loin initial b* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 16.4666667 1.1179232 
80% CO2:20% CO 15.5908333 1.1179232 
100% CO2 15.1608333 1.1179232 
No Gas 14.6016667 1.1179232 
 
• Loin initial Chroma 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 18.9723896 1.5020342 
80% CO2:20% CO 16.3730914 1.5020342 
100% CO2 15.6456538 1.5020342 
No Gas 15.5262623 1.5020342 
 
• Loin initial Hue angle 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 63.0951615 4.3092799 
80% CO2:20% CO 75.6352007 4.3092799 
100% CO2 76.9572599 4.3092799 
No Gas 73.7152608 4.3092799 
 
• Loin final L* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 57.1991667 3.046231 
80% CO2:20% CO 57.4150000 3.046231 
100% CO2 52.1808333 3.046231 
No Gas 52.7633333 3.046231 
 
• Loin final a* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 6.11333333 1.2042393 
80% CO2:20% CO 6.36916667 1.2042393 
100% CO2 4.45833333 1.2042393 
No Gas 6.25166667 1.2042393 
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• Loin final b* values 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 16.6416667 1.5558625 
80% CO2:20% CO 15.9100000 1.5558625 
100% CO2 14.3633333 1.5558625 
No Gas 15.4200000 1.5558625 
 
• Loin final Chroma 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 17.8537716 1.8528323 
80% CO2:20% CO 17.2048787 1.8528323 
100% CO2 15.0929527 1.8528323 
No Gas 16.7396649 1.8528323 
 
• Loin final Hue angle 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 70.9843329 2.6624665 
80% CO2:20% CO 68.3723836 2.6624665 
100% CO2 73.1452982 2.6624665 
No Gas 68.8183834 2.6624665 
 
• Loin final weight 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 8.535 0.67464188 
80% CO2:20% CO 8.010 0.67464188 
100% CO2 7.975 0.67464188 
No Gas 7.890 0.67464188 
 
• Loin final pH 
 
Injection Treatment Least Square Means Standard Error 
20% CO2:80% N2 5.7700 0.0244097 
80% CO2:20% CO 5.7825 0.0244097 
100% CO2 5.8575 0.0244097 
No Gas 5.8800 0.0244097 
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